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Preface 


Efforts in gene therapy have grown dramatically in recent years. Basic 
research as well as clinical activity have made exciting progress and are begin¬ 
ning to offer renewed hope that gene therapy may he able to deliver novel 
approaches for the treatment of inherited as well as such acquired diseases as 
cardiovascular disease and cancer. With the sequencing of the human genome 
complete, we now have a comprehensive catalog of genes that further expands 
the potential role of gene therapy into such new fields as tissue engineering. 

Central to gene therapy is the process of gene transfer; thus, advances in the 
technology of gene transfer are at the heart of this field’s progress. Numerous 
technologies, based on a variety of methods (e.g., viral-mediated, physical/ 
chemical), have been developed to achieve gene transfer. Some of the earliest 
methods, such as recombinant retroviruses, are still widely used, have undergone 
significant improvements, and have given rise to new vectors based on lentiviruses. 
Others, such as molecular conjugates, are exciting new methods that blur the 
distinctions between the fields of gene therapy and drug delivery. Regardless of 
the method chosen, gene therapy is performed in either one of two settings, namely 
ex vivo or in vivo. Individual gene transfer methods have inherent advantages 
and limitations in these settings and this is an important consideration in planning 
an overall strategy. Another, perhaps more important, distinction between gene 
transfer technologies is whether or not the genetic modification is permanent or 
temporary and this has a large impact on any new medical therapy envisioned. 
Each of these criteria plays a significant role as the field tries to weigh the advan¬ 
tages and disadvantages of each gene transfer technology and find a match with 
an intended medical application. 

The field of gene therapy is advancing simultaneously on several fronts. 
The core technologies of gene transfer have undergone significant improvements 
in critical areas such as gene transfer efficiency, gene regulation, and vector 
production. Industry has joined academia, and a new emphasis is being placed on 
a quantitative understanding of gene transfer. And the applications of gene 
transfer continue to expand into new medical areas. In this new and entirely 
revised second edition. Gene Therapy Protocols presents detailed methods and 
protocols covering a comprehensive range of technologies and techniques used 
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Preface 


by leaders of the gene therapy field. The first part of the book covers the new 
molecular conjugates that show great promise for targeting gene transfer and regu¬ 
lating transgene expression. The second part of the book presents completely 
revised methods based on retroviruses and adenoviruses as well as new and prom¬ 
ising methods based on lentiviruses and adeno-associated viruses. The third part 
of the book details protocols used in exciting applications of gene transfer in such 
areas as delivery of therapeutic proteins, vaccination, and tissue engineering. 

This collection of protocols should make a valuable and indispensable 
resource for graduate students, postdoctoral fellows, as well as basic and clinical 
researchers in industry and academia. 

Jeffrey R. Morgan 
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Poly-L-Lysine-Based Gene Delivery Systems 

Synthesis, Purification, and Appiication 

Charles P. Lollo, Mariusz G. Banaszczyk, Patricia M. Mullen, 
Christopher C. Coffin, Dongpei Wu, Alison T. Carlo, 

Donna L. Bassett, Erin K. Gouveia, and Dennis J. Carlo 


1. Introduction 

Nonviral gene delivery has great potential for replacement of recombinant 
protein therapy. In many cases, gene therapies would be a considerable 
improvement over existing therapies because of putative advantages in dosing 
schedule, patient compliance, toxicity, immunogenicity, and cost. Develop¬ 
ment of a nonviral gene delivery vehicle capable of efficient, cell-specific 
delivery will be a valuable addition to the clinical armamentarium. 

The current situation has led to a focus on increasingly complex delivery 
systems as investigators try to achieve the delivery efficiency that viral sys¬ 
tems already demonstrate. It will be very difficult to create a self-assembling 
gene delivery system that incorporates molecular mechanisms similar to those 
that allow viruses to trespass on vascular, cellular, and intracellular barriers 
and effectively deliver viral DNA to the nucleus of mammalian cells. How¬ 
ever, much progress has been made with regard to production of uniform par¬ 
ticles. Steric stabilization of materials in vascular compartments has been an 
area of intense investigation, and numerous strategies for surface modification 
of delivery vehicles have shown positive effects (1-6). Incorporation of 
molecular components to accomplish receptor-mediated targeting, endosomal 
escape, and nuclear transport have all been attempted, with some success in 
vitro (7,8). 
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Fig. 1. Sample grafts. 


1.1. Poly-L-Lysine 

Poly-L-lysine (PLL) is a linear, biodegradable polymer that can be readily 
modified with a variety of chemical reagents to create novel conjugates with 
enhanced characteristics over those present in PLL per se. In the gene delivery 
arena, researchers have typically tried to mimic characteristics of proteins that 
enable viruses to deliver their DNA or RNA payload so efficiently. Thus, many 
synthetic chemists have focused on incorporating moieties that can facilitate 
cell-specific targeting, membrane penetration, and nuclear transport. Another 
common synthetic goal is to modify PLL so that it can protect the DNA pay- 
load effectively. More specifically, the intent is to diminish deleterious in vivo 
interactions such as immunogenicity, toxicity, adventitious binding, and uptake 
by the reticuloendothelial system. PLL can be grafted with various agents to 
alter polyplex performance characteristics depending on desired outcome and 
area of investigation. Cationic polymers other than PLL have also been modi¬ 
fied and characterized in a similar fashion (9-11). 

1.2. Grafting 

Grafts can consist of any natural or synthetic polymer, linear or branched, 
cyclic, heterocyclic, containing heteroatoms, or any combination of grafting 
molecules. The number of grafted chains can be varied to suit specific applica¬ 
tions (Fig. 1). 
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Fig. 2. Grafting of receptor ligands onto a cationic polymer. 
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Fig. 3. Reaction of an activated ester with an amino group. An amide bond-linked 
conjugate is produced. 


1.3. Ligand 

To achieve cell-specific targeting, receptor ligands can be grafted onto PLL 
or other cationic polymers (12-14). The preferred position of a ligand is on the 
exterior surface to ensure proper ligand recognition. However, it is conceiv¬ 
able that ligands may also be partially buried and subject to molecular mecha¬ 
nisms that expose them at an appropriate time (15). Polymers, like polyethylene 
glycol (PEG), that are grafted onto surfaces form statistical clouds that are 
continually in flux. Therefore, simple covalent attachment of ligand onto the 
terminal end of a polymeric chain does not guarantee ligand recognition. The 
linker polymer, graft density, and chemistry will probably have to be opti¬ 
mized for individual cases (Fig. 2). 

1.4. Graft Attachment 

Nucleophilic substitution of activated esters is the most common chemistry 
to graft polymeric chains onto amino groups of proteins, cationic polymers, or 
more specifically PLL (16). The reaction of an activated ester with an amino 
group produces an amide bond-linked conjugate and results in a net loss of 
charge on the conjugate (Fig. 3). 

This loss of positive charge along the polymer chain significantly weakens 
the binding of conjugate to DNA. Conversely, chemistry that preserves the 
charge of the cationic domain is expected to have a lessened impact on DNA 
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Fig. 4. Reaction of an electrophilic reagent with an e-amino group of PLL. 


binding since the binding will be affected only by steric hindrance generated 
from the grafted moieties. For synthesis of our conjugates, we have chosen 
chemistries that preserve charges on the cationic domain and typically produce 
secondary and tertiary amines, and rarely quaternary ammonium species. All 
these amine species bear a positive charge at physiologic pH and consequently 
will bind to DNA electrostatically. The first method described below uses 
PEG-epoxide as the electrophilic reagent that reacts with 8 -amino groups of 
PLL. The product of the reaction is a secondary amine with a racemic (3- 
hydroxyl group (Fig. 4). 

Grafts can be added successively if more than one feature is desired. Alter¬ 
natively, the grafting molecule can be engineered to contain more than one 
functional domain. 

1.5. Conjugate Synthesis, Purification, and Characterization 

A variety of grafted PLL conjugates have been successfully synthesized 
(17). These copolymers (e.g., poly-L-lysine-gra/t-Ri-gra/t-R 2 -gra/t-R 3 ) can 
have a variety of molecules grafted on amino groups of cationic polymers in a 
stepwise synthesis. For example, PEG molecules can be grafted first (Ri), fol¬ 
lowed by introduction of other functional groups such as ligands (R 2 ), and 
finally fluorescent tags or other delivery-enhancing moieties (R 3 ). The synthe¬ 
sis of one grafted copolymer is described below in stepwise fashion. The pro¬ 
cedure can be repeated to add other grafted domains. 

2. Materials 
2.1. Chemicals 

1 . Phosphate (J.T. Baker, Phillipsburg, NJ). 

2. SP Sepharose FF resin (Amersham Pharmacia, Uppsala, Sweden). 

3. NaOH (J.T. Baker). 

4. NaCl (J.T. Baker). 

5. PLL lOK (Sigma, St. Louis, MO). 

6. Lithium hydroxide monohydrate (E.M. Science, Gibbstown, NJ). 

7. Methanol (VWR Scientific Products, West Chester, PA). 

8. BioCad 700E HPLC (PE Biosystems, Foster City, CA). 

9. UV/VIS detector (PE Biosystems). 

10. Glacial acetic acid (J.T. Baker). 
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11. PEG5K-epoxide (Shearwater Polymers, Huntsville, AL). 

12. Sephadex G-25 fine resin (Amersham Pharmacia). 

13. Trilactosyl aldehyde (Contract synthesis, e.g., SRI International, Menlo Park, CA). 

14. Amino-PEG3.4k-amino-tBOC (Shearwater Polymers). 

15. Sodium cyanoborohydride (Alfa Aesar, Ward Hill, MA). 

16. Methyl iodide (Aldrich, Milwaukee, WI). 

17. Trifluoroacetic acid (J.T. Baker). 

18. Methylene chloride (VWR Scientific Products). 

19. Succinimidyl bromoacetate (Molecular Biosciences, Boulder, CO). 

20. Acetonitrile (J.T. Baker). 

2.2. Materials for DNA Manipulation 

1. Tris(hydroxymethyl)aminomethane (J.T. Baker). 

2. EDTA (J.T. Baker). 

3. Ethidium bromide (Sigma). 

2.3. Materials for Animal Studies 

1. Ketamine (Phoenix Pharmaceuticals, St. Joseph, MO). 

2. Xylazine (Phoenix Pharmaceuticals). 

3. Acepromazine (Fermenta Vet. Products, Kansas City, MO). 

4. Potassium phosphate (J.T. Baker). 

5. Triton X-100 (VWR Scientific Products). 

6. Sigma Firefly luciferase L-5256 (BD Pharmingen, San Diego, CA). 

7. 15-mL dounce homogenizer (Wheaton, Millville, NJ). 

3. Methods 

3.1. Synthesis of Poly-L-Lysine-graft-R^-graft-R 2 -graft-R 3 
Copolymers 

Rj means PEG derivative and R 2 and R 3 no PEG derivative. 
PLL-gra/f-PEG polymers can be prepared by reaction of a PEG-electrophile 
with e-NH 2 lysine groups under basic conditions. For any specific copolymers, 
the ratio of activated PEG to poly-L-lysine, PEG size, and poly-L-lysine size 
can be varied as needed. 

1. Poly-L-lysine lOK (600 mg, 0.06 mmol) and lithium hydroxide monohydrate (41 
mg, 2.9 mmol) are dissolved in water (2 mL) and methanol (6 mL) in a sili¬ 
conized glass flask. 

2. Solid PEG5K-epoxide (600 mg, 0.12 mmol) is added to the flask, which is then 
sealed, and the solution is incubated at 65°C for 48 h. 

3. After incubation, the solvent is removed in vacuo. The product is redissolved in a 
loading buffer (0.1 M sodium phosphate, pH 6, in 10% MeOH [v/v]). 

4. The solution is loaded on a cation exchange column (SP Sepharose FF resin) 
attached to a high-performance liquid chromatography (HPLC) device (e.g., 
BioCad 700E), followed by an extensive washing step (up to 10 column volumes). 
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5. The product is eluted with 0.1 Af NaOH in 10% MeOH solution. An in-line 214- 
nm UV/VIS detector is used to monitor the eluant, and fractions are collected in 
a standard manner. 

6. Fractions containing the product are combined and neutralized, and the solvent is 
removed in vacuo. 

7. The dried product, which contains inorganic salts, is redissolved in a minimum 
amount of 0.05 M acetic acid in 30% MeOH solution and separated over a G-25 
column (Amersham Pharmacia Sephadex G-25 fine resin) using the same acetic 
acid solution. 

8. The fractions are pooled and lyophilized. The average number of PEG moieties 
grafted onto each poly-L-lysine chain can be determined by *H nuclear magnetic 
resonance (NMR) (18). 

3.2. Synthesis of PL26k-graft-(e-NH-CH2CO-NH-PEG-e- 
Tnlactose-Ligand)2,5 

Stepwise grafting is one of the simplest ways to modulate properties of 
resulting copolymers. However, it does not provide easy means of incorporat¬ 
ing targeting moieties at their optimal positions. The linker bearing the ligand 
should be at least as long (or longer) as other components grafted onto the 
cationic domain. Otherwise, the ligand could be buried and thus unavailable 
for binding interactions. Several heterobifunctional PEGs (abbreviated as 
X-PEG-Y) are commercially available in a 3.4-kDa size. These X-PEG-Y mol¬ 
ecules can be used to connect ligands to cationic domains. An example of this 
type of synthesis is shown in Fig. 5. 

1. Trilactosyl aldehyde (100 mg, 0.067 mmol) is stirred in water (0.5 mL) under 
argon. 

2. Amino-PEG3.4k-amino-t-BOC (151 mg, 0.04 mmol) and lithium hydroxide (1.7 
mg, 0.04 mmol) dissolved in methanol (1 ml) are then added to the trigalactosyl 
aldehyde solution and stirred under argon at 25°C for 30 min. 

3. Two portions of sodium cyanoborohydride (6.2 mg, 0.1 mmol) are then added 
over a 24-h period. 

4. Methyl iodide (568 mg, 4 mmol) is added and the solution stirred for 24 h. 

5. The solution is then evaporated to dryness, and trifluoroacetic acid (0.7 mL) in 
methylene chloride (0.6 mL) is added. 

6. The solvents are again evaporated to dryness and the residue redissolved in a 
mixture of methanol and water (3 mL). 

7. The solution is adjusted to pH 9 with 10 N sodium hydroxide. Succinimidyl 
bromoacetate (118.5 mg, 0.5 mmol) is then added in acetonitrile (0.5 mL), and 
the mixture is stirred under argon at 25°C for 1 h. 

8. The bromoacetyl intermediate is eluted over a Sephadex G-25 column in 0.05 N 
acetic acid. 

9. The macromolecular fractions are combined and evaporated in vacuo. 

10. Poly-L-lysine 26k (27.7 mg, 0.001 mmol) and lithium hydroxide (4.6 mg, 0.11 



Fig. 5. An example of stepwise grafting. 
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mmol) dissolved in methanol (1.5 mL) are added to the solution of iodoacetyl 
intermediate. 

11. The reaction mixture is sealed and incubated overnight at 37°C. 

12. The product is purified by SP Sepharose FF and Sephadex G-25 column chroma¬ 
tography. 

13. The ratio of triantennary galactose/PEG/PLL is determined by 'H NMR. 

3.3. NMR Spectroscopy 

1. Each polymer is first freeze-dried from D 2 O and redissolved in D 2 O for spectral 
analysis. This procedure minimizes the HOD peak and gives superior spectra. 

2. *H NMR spectra are recorded on a high-resolution spectrometer (e.g., 300 MHz 
ARX-300 Bruker). 

3. Chemical shifts are expressed in parts per million and referenced to the HDO 
signal at 4.7 ppm. 

4. The integration ratio of PEG signal (3.68 ppm) to C^-H of poly-L-lysine (4.2 
ppm) is used to determine the composition of the copolymer. 

5. The number of C„-H protons per PEL molecule is calculated from the MW and 
known structure. For example, 10-kDa polylysine has 48 C^-H. 

6. The number of methylene protons (-CH 2 -) per PEG molecule is calculated from 
the MW and known structure. For example, 5-kDa PEG has 454 methylene pro¬ 
tons. 

7. The number determined in step 6 is divided by the number determined in step 5 
to yield the proton ratio expected for a 1:1 conjugation of PEG and PL. 

8. The ratio computed in step 4 is divided by the ratio computed in step 7 to yield 
the average number of PEG grafts per PEL molecule. 

3.4. Plasmid DNA 

Preparation and purification of plasmid DNA is beyond the scope of this 
chapter, but a few salient points need to be made as to the use of plasmid DNA 
for polyplex formation and transfection studies. These remarks assume that the 
plasmid was constructed properly, contains the proper elements, and is known 
to express at reasonable levels in transfection assays in vitro. Plasmid DNA 
should be assayed by agarose gel electrophoresis with ethidium bromide stain¬ 
ing to determine purity and relative amounts of linear and covalently closed 
circular forms including the super-coiled form. For best results, plasmid DNA 
used in transfection studies should be >90% in the covalently closed circular 
form. Plasmid DNA should be stored below 4°C in an appropriate buffer (e.g., 
10 mM Tris(hydroxymethyl)aminomethane, 1 mM EDTA, pH 8.0). DNA 
preparations must be tested for endotoxin levels using the limulus amebocyte 
lysate assay (Bio-Whittaker, Walkersville, MD) or other methods (19). Con¬ 
tamination should not exceed 10 endotoxin units per milligram of plasmid 
DNA. 


9 


Poly-L-Lysine-Based Gene Delivery Systems 

3.5. Charge Ratio Determinations 

Charge ratios (+/-) can be determined by several methods, and it is recom¬ 
mended that at least two independent methods be used to characterize conju¬ 
gates. We recommend using a theoretical calculation based on composition 
combined with a fluorescence quenching assay. 

3.6. Caicuiation Based on Composition 

1. From the proton NMR data, calculate the expected molecular weight of the con¬ 
jugate. 

2. From the known composition of the conjugate, calculate the number of positive 
charges on each conjugate molecule. 

3. Calculate the conjugate mass per positive charge (step 1/step 2). 

4. The mean mass per unit negative charge for plasmid DNA is 330. 

5. Conjugate mass per unit charge (step 3) divided by DNA mass per unit charge 
(330) is the theoretical mass ratio (R) to form a neutral polyplex. 

6. To manufacture a polyplex at a given charge ratio, use the following equation: 
mass of conjugate = desired polyplex charge ratio X DNA mass X R 

3.7. Fiuorescence Quenching Assay 

The binding abilities of polycationic polymers were examined using an 
ethidium bromide-based quenching assay. 

1. Solutions (1 mL) containing 2.5 pg/mL ethidium bromide and 10 pg/mL DNA 
(1:5 molar ratio, EtBr/DNA phosphate) are prepared. 

2. Highly concentrated aqueous conjugate solutions (>1 mg/mL) are used to mini¬ 
mize the effect of dilution after multiple additions. 

3. Fluorescence reading is taken of the DNA solution prepared in step 1, using a 
fluorometer with excitation and emission wavelengths at 540 and 585 nm, re¬ 
spectively. 

4. Aliquots of the conjugate solution prepared in step 2 are added incrementally to 
the DNA solution, and fluorescence readings are taken after each addition. 
Aliquots should be <10 pL and should contain enough conjugate to neutralize 
approximately 10% of the DNA charge. 

5. Fluorescence reading after each addition is divided by fluorescence value for the 
DNA sample from step 3 and multiplied by 100 to give a percent value. All 
readings have background subtracted. 

6. Conjugate aliquots are added until no further change in fluorescence is achieved. 

7. Results should be analyzed as the percentage of fluorescence relative to the con¬ 
trol with no polycation. 

3.8. Poiypiex Formation 

1. Polyplexes are typically formed at a 1.35+ charge ratio and a final DNA concen¬ 
tration between 10 and 100 pg/mL (see Note 1). 
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2. An aqueous DNA solution is prepared at approximately twice the desired 
polyplex concentration. 

3. An aqueous conjugate solution is prepared at approximately twice the desired 
polyplex concentration. 

4. The 2x conjugate solution is added rapidly to the 2x DNA solution, and the solu¬ 
tion is vigorously mixed. 

5. Formulant is added if necessary. 

6. Sufficient 5 M NaCl is added to achieve a final concentration of 150 mM. 

7. The solution is vortexed briefly. 

8. Filtration through a 0.2-pm filter is necessary for sterile applications. 

3.9. Particle Size Analysis 

Light scattering measurements of mean particle size and distribution of 
polyplex solutions can be determined on any of a variety of particle size ana¬ 
lyzers, for example, a Brookhaven Instruments 90 Plus particle size analyzer 
equipped with a 50-mW, 532-nm laser or a Coulter N4 Plus PCS analyzer with 
10-mW helium-neon 632.8-nm laser. 

Reagents are filtered through a 200-nm surfactant-free cellulose acetate fil¬ 
ter (NalgeNunc, Rochester, NY) prior to polyplex formation. Polyplex concen¬ 
trations should be 30-75 |4g/mL. Sample volume is 0.5-1 mL, and 
measurements are made in 4.5-mL methyl acrylate cuvettes (Evergreen Plas¬ 
tics, Los Angeles, CA). Results can be reported as effective diameter defined 
as the average diameter that is weighted by the intensity of light scattered by 
each particle. 

It should be noted that the equations used to determine the effective diam¬ 
eter assume that the particles being measured are spherical. Typically, no cor¬ 
rection is made to account for nonspherical particles, and since DNA condensed 
with PLL forms toroidal or rod-shaped particles, the measured effective diam¬ 
eters should be considered an approximation of the actual dimension of the 
polyplexes. 

3.10. Luciferase Gene Expression Studies 

A cohort of 8-10-week-old Balb/C mice is anesthetized with an 80-|4L intra¬ 
muscular injection of a cocktail containing 25 mg/mL ketamine (Phoenix Phar¬ 
maceuticals), 2.5 mg/mL xylazine (Phoenix Pharmaceuticals), and 5 mg/mL of 
acepromazine (Fermenta Vet. Products) in saline (see Notes 2 and 3). 

After sedation, animals are injected in the tail vein with 0.2-0.5 mL of 
polyplex containing 15 |4g pCMV-luciferase plasmid DNA (see Notes 4 and 
5). Tuberculin syringes (1 mL; Becton-Dickinson, Franklin Lakes, NJ) can be 
used for administration of both anesthetic and polyplex. 

Twenty-four hours after injection, the mice are euthanized by carbon diox- 
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ide inhalation. The livers are excised, homogenized with lysis buffer (100 mM 
potassium phosphate, 0.2% Triton X-100, pH 7.8), and analyzed against a lu- 
ciferase standard curve (Sigma Firefly luciferase L-5256) using commercially 
available substrate solutions (BD Pharmingen) (see Note 6). Samples are read 
using a standard luminometer (e.g., Analytical Luminescence model #2010, 
BD Pharmingen). 

4. Notes 

1. Polyplexes can be formed at higher or lower ratios to meet specific needs or to 
test other protocols. Near neutral polyplexes are recommended for intravenous 
delivery. Polyplexes with high positive charge work best for in vitro work. 

2. Animal studies can be done without anesthesia during administration, but our 
experience is that anesthetized animals generally give higher gene expression. 

3. Anesthetic reagents from vendors are received at the following concentrations: 
100 mg/mL ketamine, 20 mg/mL xylazine, and 10 mg/mL acepromazine. Pre¬ 
pare a stock solution for animal studies by combining 7.5 mL of ketamine, 3.8 
mL of xylazine, 0.75 mL of acepromazine, and 17.95 mL of saline. This solution 
has the proper concentrations of each component such that 80 pL is suitable to 
anesthetize a mouse. 

4. Solutions for intravenous injections should be at ambient temperature or body 
temperature whenever feasible. Cool or cold temperature solutions result in lower 
gene expression. 

5. Rapid injections into the tail vein give the best results but are not truly represen¬ 
tative of a clinically applicable method (20,21). 

6. A 15-mL Bounce homogenizer is used to grind each liver. The liver is rinsed 
with phosphate-buffered saline and weighed. The liver is then placed in a 15-mL 
Bounce homogenizer to which is added a volume of lysis buffer equal to liver 
weight multiplied by 10 (e.g., 1 g of liver would have 10 mL of lysis buffer). The 
liver is well homogenized, and the entire volume is centrifuged at 1000 rpm at 
4°C for 15 min in a 15-mL conical tube. The fluid separates into a pellet, middle 
aqueous layer, and upper lipid layer. From the middle aqueous layer, 1.5 mL is 
aliquoted into an Eppendorf tube and recentrifuged for 5 min at 14,000 rpm. 
Three layers form again, and the middle aqueous layer is collected for assay. 
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1. Introduction 

The advantages of nonviral carriers are their ease of preparation and scale- 
up, capacity of DNA to be transferred, and safety in vivo. However, there also 
are disadvantages, including generally low efficiency and transience of 
transgene expression. To create more efficient systems, the use of approaches 
present in natural pathogens has been shown to be helpful. Based on an under¬ 
standing of these natural components, ligand-polycation DNA delivery sys¬ 
tems have been developed (1-3). In these systems, a DNA-binding polycation, 
such as polylysine (PL) was employed to compact plasmid DNA to a size that 
could be taken up by cells. To allow internalization by receptor-mediated endo- 
cytosis, cell binding ligands such as asialoglycoproteins for hepatocytes, anti- 
CD3 and anti-CD5 antibodies for T-cells, transferrin for some cancer cells, and 
hyaluronic acid polymers for endothelial cells have been covalently attached 
to polylysine. 

Because the liver plays a central role in the metabolism and production of 
serum proteins, it is an important target organ for gene therapy. Metabolic dis¬ 
eases that result from a defect or deficiency of hepatocyte-derived gene prod¬ 
ucts, as well as acquired diseases such as hepatocellular carcinomas and viral 
hepatitis, may also serve as targets for hepatic gene therapy. To be clinically 
useful, all require the development of delivery systems capable of efficiently 
introducing nucleic acids into the hepatocytes. 

Parenchymal liver cells, hepatocytes, are useful target cells for gene deliv¬ 
ery, as they are highly active metabolically, have a substantial blood supply 
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and hepatocytes are the only cells that possess large numbers of high affinity 
cell-surface receptors that can bind asialoglycoproteins (4). 

Our early work in this area demonstrated that DNA could be delivered spe¬ 
cifically to, and expressed in, the liver cells in vivo with an asialoglycoprotein- 
mediated system (1,2). However, the efficiency in vivo has been poor. We 
have previously shown that incorporation of an endosome disruptive peptide 
into the delivery system could greatly increase the specific gene expression to 
liver in vivo. Recently, improvements have been undertaken to engender the 
DNA delivery system with high water solubility, serum stability and high gene 
expression efficiency. In some systems, polyethylene glycol (PEG) provides a 
biocompatible protective coating for the DNA complex. An endosomolytic 
peptide derived from Vesicular Stomatitis Viral G-Protein (VSV) or the bacte¬ 
rial protein, listeriolysin O (LEO), can be introduced to produce conjugates 
that can induce membrane changes at low pH allowing the internalized DNA 
to escape from lysosomal digestion. Finally, the targeting ligand itself can be 
converted to a DNA binding protein eliminating the need for a separate 
polycation. 

2. Materials 

2. 1. Plasmid and Reporter Gene 

A plasmid pCMVEuc containing a firefly luciferase gene driven by a cyto¬ 
megalovirus (CMV) immediate early promoter was amplified in E. coli, iso¬ 
lated by alkaline lysis, and purified by cesium chloride gradient centrifugation. 
Ultra Pure cesium chloride was obtained from Fife Technologies (Grand 
Island, NY). 

2.2. Cells and Cell Culture 

1. A hypersecretor strain of Listeria monocytogenes (gift of Dr. D. A. Portnoy, 
Stanford University). 

2. Brain Heart Infusion media (Difco, Detroit, MI). 

3. LB Broth (Life Technologies). 

4. Huh? human hepatoblastoma (asialoglycoprotein receptor positive) and SK Hep 1 
human hepatoma (asialoglycoprotein receptor negative) cells, grown to 
confluence in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% 
fetal calf serum (Gibco/BRL, Grand Island, NY) under 5% CO 2 at 37°C. 

2.3. Components of DNA Carriers Targetable to Liver 

1. Polylysine (PL)(MW 3970) HBr. 

2. Polyethylene glycol (PEG)-succinyl ester (MW 5000). 

3. Potassium sulfate. 

4. Dimethyl sulfoxide (DMSO). 
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5. Dithiothreitol (DTT). 

6 . Sodium chloride (NaCl). 

7. Sodium acetate. 

8 . Lysine ester. 

9. Sodium hydroxide (NaOH). 

10. Sodium dodecyl sulfate (SDS). 

11. Ammonium bicarbonate (NH 4 HCO 3 ). 

12. Ethylenediamine tetraacetic acid (EDTA). 

13. Ethidium bromide. 

14. Heparin. 

15. Tetrahydrofuran (THE). Items 1-15 from Sigma Chemical Co. (St. Louis, MO). 

16. Succinimidyl 3-(2-pyridyldithio) propionate (SPDP). 

17. l-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC). Items 16 and 17 from 
Pierce Chemical Co. (Rockford, IL). 

18. Ultrapure agarose (Life Technologies, Grand Island, NY). 

19. A vesicular stomatitis virus G peptide (VSV) of the following sequence: 
TIVFPHNQKGNWKNVPSNYHYCP. 

20. Human asialoorosomucoid (ASOR). Items 19 and 20 from Immune Response 
Corporation (Carlsbad, CA). 

21. Dialysis membranes (12-14 kD exclusion limits; Spectra/Por, Spectrum Medical 
Industries, Houston, TX). 

22. A SI Y30 spiral cartridge of 30,000 molecular weight cut off was purchased from 
Amicon Inc. (Beverly, MA). 

23. A 10 cm DEAL Sephacel column. 

24. PD-10 (diameter, 5 cm, containing Sephadex G-25 resin) desalting columns. 

25. Whatman #1 paper. Items 23-25 from Amersham Pharmacia Biotech 
(Piscataway, NJ). 

26. TSK-GEL CM-650 S, 40-90 pm (Supelco, Inc.) was packed into a 2 x 10 cm 
column. 

27. Bio-gel P -6 (Bio-Rad Lab.) was packed into a 2 x 50 column. 

28. Syringe filters, 0.2 p and 0.45 pm (Acrodisc, Gelman Sciences, Ann Arbor, MI). 

29. A Waters HPLC system using a Shodex KW-804 column (300 x 8 mm; Waters 
Corporation, Milford, MA) was used for purification of some conjugates. 

2.4. Animals 

Balb C female mice (approx 20 g body weight; Charles River Laboratory, 
Wilmington, MA) were housed under controlled conditions of temperature and 
humidity, and fed normal chow ad libitum. 

3. Methods 

3.1. Synthesis of Asialoorosomucoid-Polylysine (AsOR-PL) 
Conjugates 

1 . Filter AsOR, 200 mg dissolved in 10 mL of water, through a 0.2-pm syringe 
filter, and adjust the solution to pH 7.4. 
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2. Dissolve PL, 160 mg, in 10 mL water, adjusted to pH 7.4 with 0.1 A^NaOH. 

3. Dissolve EDC, 92 mg, in 1 mL water and add directly to the AsOR solution. 

4. Add the PL solution to the mixture and stir at 37°C for 24 h. 

5. Dialzye the reaction mixture at 4°C through a membrane with 12-14 kDa exclu¬ 
sion limits against 20 L of water for 2 days. 

3.1.1. Purification of Listeriolysin O (LLO) 

A convenient pH-sensitive endosomolytic protein that has been found to 
enhance the efficiency of targeted gene delivery is listeriolysin O. This protein 
can be recovered from cultures of L. monocytogenes (see Note 1). 

1. Inoculate a stab from a frozen culture of L. monocytogenes into 15 mL of Brain 
Heart Infusion medium and incubate with shaking overnight at 37°C. 

2. Add the overnight culture to 1 L of Luria-Bertani (LB) broth, which is prewarmed 
to 37°C. 

3. We recommend growing 6 L per purification batch, each grown for 15 h. 

4. Remove bacteria by centrifugation at 10,000g for 15 min at 4°C. 

5. Filter the supernatant through Whatman #1 filter paper, keeping the receiving 
flask on ice. 

6 . Apply 6 L of chilled supernatant to a CH 2 spiral cartridge concentrater with a 
S1Y30 spiral cartridge of 30,000 mol wt cut-off, concentrate to 500 mL. Add a 
total of 4 L of chilled water to the concentrator, and reconcentrate the entire 
volume to 500 mL to remove small proteins. 

7. Apply the 500 mL of retentate to a 20-mL, 10-cm DEAL Sephacel column, which 
is equilibrated with 10 niM potassium phosphate, pH 6.8, and elute in a single 
pass-through. 

8 . Lyophilize the LLO sample, redissolve it in water, desalt it by application to a 
PD-10 desalting column, and elute it with 5 mL of water. Determine the protein 
peak by reading absorbencies at 280 nm. 

9. Pool this peak and lyophilize it. Store samples either at -20°C as the lyophilized 
dry powder or redissolve in water and freeze (5). 

3.1.2. Synthesis of Asialoorosomucoid (AsOR)-PL-LLO Conjugates 

1. Incubate 1 mg of ASOR-PL and LLO separately with 25 mM SPDP in dimethyl- 
sulfoxide (OMSO) for 30 min at 25°C. 

2. Separate free SPDP from protein-linked by SPDP application to a PD-10 desalt¬ 
ing column and elute with water. 

3. Determine the concentration of SPDP linked to the proteins by measuring the 
release of 2-thione after reduction with 100 mM dithiothreitol (DTT) and reading 
the absorbance at 343 nm. 

4. Activate the LLO-SPDP for coupling by reduction with 12 mg DTT in 100 mM 
NaCl, 100 mMNa acetate, pH 4.5. 

5. Remove free DTT by application to a PD-10 desalting column and elute with 
water (6). 
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3.1.3. AsOR-PL-LLO Compiexes 

1. Mix 1 mg of the SPDP-linked AsOR-PL with 0.1 mg CMV luc DNA and incu¬ 
bate for 30 min at room temperature in 0.15 M saline. 

2. Add the AsOR-PL-SPDP-DNA complex to DTT-reduced LLO-SPDP at a 2:1 
molar ratio. 

3. Incubate the complex overnight at 4°C and filter through a 0.2 jam syringe fil¬ 
ter (6). 

3.2. Synthesis of AsOR-Lysine Methyl Ester 

To avoid the concentration of positively charged polycations such as poly¬ 
lysine, other derivatives of AsOR can be prepared in which the overall charge 
of the protein is made strongly positive. This can be accomplished by coval¬ 
ently coupling esters of dibasic amino acids. 

1. Dissolve 10 mg AsOR in 1 mL water and filter through a 0.2-jam syringe-tip 
filter. 

2. Dissolve 50 mg lysine ester in 1 mL water, add to the AsOR, and adjust the pH to 
6.5 using 0.1 ANaOH. 

3. Add to this mixture 4 mg EDO, dissolved in 1 mL water, and incubate with stir¬ 
ring at 37°C for 5 h, followed by dialysis of the reaction mixture through mem¬ 
branes with 12-14 kDa exclusion limits against 20 L of water at 4°C for 24 h. 

4. Lyophilize the dialyzate and then redissolve it in 0.15 MNaCl (10 mg/mL), filter 
it through a 0.45-|am syringe-tip filter, and apply it on a Waters HPLC system 
using a Shodex KW-804 column (300 x 8 mm). 

5. Inject samples of 250 jiL and elute with 0.15 MNaCl at a flow rate of 0.12 mL/ 
min. 

6 . Collect samples 0.6 mL each and monitor absorption at 280 nm. Analyze samples 
of the two peaks in the effluent by 12% sodium dodecyl sulfate (SDS) polyacry¬ 
lamide gel electrophoresis. 

7. Use the second peak for further conjugation, and lyophilize corresponding 
samples. 

3.2.1. Preparation of AsOR-Lysine Ester-VSV Conjugates 

The single cysteine residue in the VSVG peptide is used to couple peptides 
to AsOR-PL. 

1. Dissolve 5 mg purified AsOR-lysine ester in 1 mL of phosphate-buffered saline 
(PBS, pH 7.4), and add 0.18 mL of freshly prepared SPDP (3.1 mg/ml inDMSO) 
to give a 30-fold molar excess of SPDP over AsOR-lysine ester. 

2. Incubate the mixture with stirring for 1 h at 25°C. 

3. Dialyze the reaction mixture in membranes with 12-14 kDa exclusion limits 
against 20 L water for 24 h at 4°C and lyophilize. 
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4. To remove any free SPDP, dissolve the conjugate in water and apply it to a PD- 
10 desalting column followed by elution with water. 

5. Check the eluate for absorption at 280 nm and lyophilize (7). 

3.3. Synthesis of PEG-PL Conjugates 

1. Dissolve polylysine (PL) 30 mg in 1.5 mL PBS (0.1 M, pH 7.2), adjust it to pH 7- 
8 with addition of 2 TVNaOH. 

2. Add 10 mg PEG-succinyl ester and incubate at 23°C for 5 h. 

3. Dilute the reaction solution with 10 mL of water and chromatograph on an ion 
exchange column—TSK-GEL CM-650 (40-90 pm), 2x10 cm. 

4. Elute the sample with 50 mL of water and then with 200 mL 0-5.0 MNaCl 
gradient, and then monitor the effluent by UV absorption at 230 nm. 

5. Collect the second peak and freeze-dry it; dissolve the powder in 2 mL water. 

6 . Gel-fdter the sample through a 2 x 50-cm Bio-gel P -6 column and elute with 0.2 
MNH 4 HCO 3 . 

7. Collect the first peak in 3 mL and freeze dry to give 10 mg white powder {see 

Note 2). 

3.3.1. Synthesis of PEG-PL-VSV Conjugates 

1. Dissolve PEG-PL, 8.5 mg, in 1.0 mL 0.2 M PBS (pH 7.2) and react with 1.2 mg 
SPDP in 0.2 mL tetrahydrofuran (THE). 

2. After stirring at 23°C for 3 hs, gel-filter the product through a 2 x 50-cm Bio-gel 
P -6 column and elute with 0.2 MNH 4 HCO 3 buffer. 

3. Collect the first peak and lyophilize to give PEG-PL-dithiopyridyl (DTP). 

4. Dissolve 7 mg of that product in 1.0 mL PBS (pH 7.2) and add to 0.1 mL 0.5 M 
EDTA; add to this 9.2 mg of VSV-G in 0.2 mL water and incubate at 23°C for 24 
h. 

5. Gel-filter the reaction solution through a Bio-gel P -6 column (2 x 50 cm) and 
elute with 0.2 MNH4HC03. 

6 . Collect the first peak and lyophilize to give 6.0 mg powder. 

3.3.2. Formation of PEG-PL-VSV/AsOR-PL-DNA Complexes 

1. First mix 30 jig DNA in 1.0 mL 0.15 M saline with PEG-PL-VSV in 1.0 mL 
saline and then further complex it with AsOR-PL in 1.0 mL saline {see Note 3). 

2. Filter the mixed complex formed through a 0.2-|am filter, and determine the DNA 
concentration by measuring UV absorption at 260 nm. 

3. Store the filtered solution at 4°C for all further experiments. 

4. Determine the number of amino groups in the conjugate by ninhydrin assay (8), 
and from that, calculate the content of PL in the conjugate. 

5. The average ratio of PEG to PL is determined to be 1.2:1. 

6 . Modify the conjugate with SPDP to introduce DTP groups for conjugating with 
VSV peptide. 

7. The ratio of DTP to PEG-PL is determined to be 2.7. Monitor the conjugation of 
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PEG-PL-DTP with VSV by measuring the absorption at 343 nm, because of re¬ 
lease of 2-mercaptopyridine (9). 

8 . Determine the content of VSV in the conjugate from UV absorption at 280 nm; 
the ratio of components in the conjugate PEG-PL-VSV is determined to be 
1.2: 1:1.6 (10; see Note 4). 

3.4. Measurement of DNA Binding and Compaction 

To assess compaction of DNA after complexation with various conjugates, 
fluorescence of ethidium bromide excluded from DNA complexes was used. 
Fluorescence studies were performed using a Perkin-Elmer luminescence spec¬ 
trometer at an excitation wavelength of 516 nm (slit width 6 nm) and an emis¬ 
sion wavelength of 598 nm (slit width 10 nm). 

1. Add ethidium bromide (1 mM final concentration) to 2.5 mL normal saline solu¬ 
tion containing 30 pg DNA and determine a baseline fluorescence. 

2. Add aliquots of conjugate slowly to a DNA solution containing 1 mM ethidium 
bromide, filter through 0.2 pm syringe filters, and measure the fluorescence. 
Maximum compaction of DNA by conjugate is the point at which no more 
changes in DNA fluorescence are observed. 

3. Correct the fluorescence of the complexes for dilution as a result of the addition 
of the conjugate solutions, normalized to the fluorescence of free DNA before 
complexation, which is assigned a value of 100. 

3.5. Particie Size and Zeta-Potentiai 

1. To determine the effective hydrodynamic diameter and the net charge of DNA 
complexes, use a 90 Plus particle size analyzer (Brookhaven). 

2. All DNA complexes are in normal saline, filtered through 0.2-pm syringe filters; 
perform measurements in triplicate at 23°C. 

3.6. Stabiiity of Compiexes 

1. Determine the stability of complexed DNA by incubation of DNA complexes 
with fresh rat serum or saline for 30 min at 37°C. 

2. To determine the status of the DNA in the complexes, release DNA from the 
complexes by heparin (2000 U/mL) after 30 min of incubation. 

3. Analyze all samples on 1% agarose gels. 

3.7. Ceii Transfections and Luciferase Activity Assays 

1. Seed AsOR receptor-positive Huh7 and AsOR receptor-negative SK Hep 1 cells 
into 24-well plates. 

2. After 20 h, remove media and add 0.5 mL of DMEM media containing 2.0 mM 
CaCl 2 ; then add 100 pL (1 pg DNA) of DNA as complexes. 

3. To assess specificity, add a 100-fold molar excess of free AsOR over that calcu¬ 
lated to be present in the complexes to complexes prior to administration to cells. 
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4. After incubation for 6 h, add 50 |aL fetal bovine serum to each well, and incubate 
further for 20 h. 

5. Remove the media, wash the cell layers with PBS, homogenized with 200 juL of 
tissue lysis buffer (Promega), and centrifuge at 8,000g for 5 min. 

6 . Mix 20 |uL of supernatant solution with 50 pL luciferase substrate, and measure 
relative light units (RLUs) with a luminometer (Monolight 2001, Analytical Lu¬ 
minescence) for 30 s. 

7. Perform all assays in triplicate, and express results as means -i- SD in units of 
RLU. 

3.8. Liver-Directed Transfection to the Liver in Mice 

1. Pass complexes containing 10 pg of pGL3CMVluc in 0.5 mL of 0.15 MNaCl 
through 0.2-pm syringe-tip filters and immediately inject into the tail veins of 
mice over 30 s (see Note 5). 

2. After 24 h, and after 7 days sacrifice the animals, remove the livers, wash them 
with ice-cold PBS, and weigh them. 

3. Remove a liver section (approx 100 mg), weigh it, and homogenize it in lysis 
buffer (100 mg/mL, Luciferase Assay System, Promega); determine liver lu¬ 
ciferase activity by luminometry. 

4. Perform a standard curve for luciferase using firefly luciferase (1 ng/mL, Ana¬ 
lytical Luminescence Laboratory, Ann Arbor, MI) along with the test samples. 

4. Notes 

1. Care should be taken in the handling and disposal of L. monocytogenes, as it can 
be a significant pathogen in humans. 

2. Purified conjugates are hydrolyzed in constant boiling HCl, and then amino acid 
analysis is performed to determine the ratios of components present. The total 
number of lysine residues minus the lysine residues expected from AsOR alone 
provides quantitation of the amount of lysine ester present. The number of aspar¬ 
tic acid residues is used to determine the amount of AsOR in each conjugate, and 
a lysine ester to AsOR molar ratio is calculated. 

3. Concentrations of greater than 1 mg/mL DNA in complexes that lack PEG have 
an increased tendency to aggregate. 

4. Incorporation of endosomolytic agents such as LLO or VSV peptides increases 
targeted gene expression by 100- to 1000-fold. 

5. Tail vein injections in animals must be performed slowly (over the course of 
30 s) (8). 
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Receptor-Directed Molecular Conjugates 
for Gene Transfer 

Assem G. Ziady and Pamela B. Davis 


1. Introduction 

To circumvent the safety limitations of viral vectors and the cytotoxicity of 
liposomal carriers, several investigators have used receptor-targeted molecular 
conjugates to direct gene transfer into mammalian cells in vitro (1-26), and in 
vivo (27-40). This method has potential for human gene therapy, once it is 
perfected in animal models. DNA, noncovalently bound to a polycation poly¬ 
mer that is chemically conjugated to a ligand, can be bound to the cell surface 
and internalized. Various ligands have been used to target cell surface recep¬ 
tors for gene delivery. Some of these receptors (e.g., the asialoglycoprotein 
receptor [reviewed in ref. 41'\) are designed to traffic their cargo to degradation 
in the lysosomes, whereas other receptors recycle to the cell surface (e.g., trans¬ 
ferrin receptor [reviewed in ref. 42]) or transport their ligands across the cell 
(e.g., polymeric immunoglobulin receptor [reviewed in ref. 43]). Success is 
enhanced if the receptor displays high specificity for a ligand but low selectiv¬ 
ity for attached cargo, constitutive, abundant expression and the capability for 
bulk uptake. Receptor-directed molecular conjugates have advantages as gene 
therapy reagents. Receptor targeting confers specificity, immunogenicity is 
normally low for the polycation and DNA and variable for the ligand, and the 
packaging capacity is quite large (44), allowing for the inclusion of native pro¬ 
moters or intronic sequences that will enhance gene expression (45). To under¬ 
stand the methods used in receptor-mediated molecular conjugate gene transfer, 
we must first review the use of such receptors, which have provided specificity 
in the context of a noninfectious and nontoxic vector. 
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Fig.l. General scheme of receptor-targeted DNA complex construction and cellu¬ 
lar internalization. DNA complexes are formed by mixing plasmid DNA with the 
molecular conjugate under the proper salt conditions. Molecular conjugates consist of 
a polycation coupled to a receptor ligand. Polycations modified with enhancers (e.g., 
PEG, adenovirus, and so on) may also be included in the DNA complex. Once in 
contact with the cell surface receptor, the complex is internalized through the endocytic 
pathway and translocates to the nucleus by either an active or passive mechanism. 


1.1. The Protein Carrier for DNA 

Construction of the molecular conjugate begins with the selection of a suit¬ 
able ligand to target a receptor on a specific cell type. Examples of such ligands 
include, mono- and disaccharides (4-8,23,36), peptides/proteins (2,9-13,37), 
glycoproteins (1,27,28,38), lectins (14), folate (16), and antibodies 
(3,15,17,25,26,32). Figure 1 provides a general schematic for DNA complex 
construction and the receptor-mediated gene delivery process. Ligands are 
covalently linked, often using a linker reagent, to a polycation (e.g., poly-L- 
lysine), which in turn interacts electrostatically with the negatively charged 
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phosphate backbone of the DNA of interest. Under appropriate conditions, this 
results in a complex that compacts DNA and protects it against degradation 
(37,46), making it suitable for gene transfer. The level of substitution of the 
polycation with linker and ligand, as well as the length and type of polycation, 
markedly affects the efficiency of these complexes to transfer genes (13,37,47). 

Once inside the cell, these DNA complexes must translocate to the nucleus, 
where the DNA is transcribed. Some investigators suggest that this occurs fol¬ 
lowing endosomal escape (48), but this is based on pharmacologic data rather 
than direct observation. No published studies have yet examined the traffick¬ 
ing of receptor-targeted DNA complexes; however, investigators have incor¬ 
porated endosomolytic agents (49-53) in the complex or in the media to disrupt 
the endocytic pathway and have proposed the use of nuclear targeting motifs 
(54,55) to improve nuclear entry. Both these approaches have increased trans¬ 
fection success in specific cell models. 

1.2. Molecular Conjugate Condensation of DNA 

In initial reports of studies that achieved gene transfer by targeting the 
asialoglycoprotein receptor (1,28), little attention was paid to the size of the 
condensed DNA particles, which averaged 150-200 nm by electron micros¬ 
copy (EM). However, later reports have underscored the importance of mini¬ 
mizing the size of the conjugate-DNA complexes for gene transfer, since 
endocytosed receptors may discriminate against ligands on the basis of size 
(7,37,56). For example, Wagner and colleagues (47) have shown that conden¬ 
sation into toroid structures 80-100 nm in diameter improved transgene expres¬ 
sion compared with larger DNA complexes. 

Perales and colleagues (7,56,57) developed an alternative method of con¬ 
densing DNA into very compact particles (12-30 nm in diameter, less than 
twice the minimum theoretical volume of the DNA) that are suitable for gene 
transfer. Unlike earlier methods, this technique allows for the stabilization of 
high concentrations of molecular conjugate DNA complexes, while avoiding 
the formation of positively charged DNA complexes that maybe inefficient in 
vivo. Key to this process is the gradual addition of small aliquots of the ligand- 
polycation conjugate to plasmid DNA over time under high salt conditions. By 
adjusting the sodium chloride concentration, unimolecular (with respect to 
DNA) complexes can be produced with a neutral or slightly negative zeta 
potential (7). This helps avoid complement activation (58) and thus provides 
for a more efficient and safer vector for gene transfer in vivo. 

The degree of DNA condensation in conjugate-DNA complexes depends on 
the concentration of sodium chloride, the length of the polycation polymer, 
and the degree of substitution of the polycation, as well as the size, sequence, 
and state of the DNA (30,37). Different length polymers condense DNA under 
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different conditions. Longer polymers require a higher salt concentration to 
form and maintain these DNA complexes, whereas shorter polymers require 
less salt (7,37). The secondary structure of the polycation also influences the 
globular structure of the complexes and their efficacy (7,37,47). Furthermore, 
the construction of molecular conjugates affects their binding to DNA. For 
instance, the interaction of the polycation with DNA is destabilized by exces¬ 
sive linker and ligand substitution (13). Substitution usually eliminates posi¬ 
tive charge on the polycation and thus lessens its affinity for DNA (13). Steric 
hindrance by bulky ligands also results in less tightly packed complexes. 

Wagner and colleagues (47) reported that molecular conjugates with fewer 
ligand moieties were more effective in delivering reporter genes by receptor- 
mediated endocytosis. Conjugates containing approximately 1 transferrin per 
100 lysine residues resulted in maximal transgene expression in human eryth- 
roid cells; conjugates containing more or less ligand were suboptimal. More¬ 
over, the partial replacement of the transferrin-based conjugate with free 
poly-L-lysine (poly K) produced smaller toroidal structures and improved 
transfection. In a more detailed analysis with larger ligands designed to target 
the serpin enzyme complex receptor (SEC-R), Ziady et al. (13,37) demon¬ 
strated that even less substitution of lysine residues produced optimal transfec¬ 
tion complexes (13,37). Both the rate of substitution and the polymer length 
affected DNA complex size, correlating with an effect on transfection effi¬ 
ciency. The polycation can be further substituted with other moieties such as 
polyethyleneglycol (PEG), so as to stabilize polycation DNA complexes (59), 

Condensation of plasmid DNA with poly cations also protects it from degra¬ 
dation. DNA is susceptible to shearing by hydrodynamic forces and has a short 
half-life in the blood (60). Tightly compacted DNA is thought to be more stable 
in the blood and, once internalized, in the cytoplasm (14,46). Furthermore, 
condensed DNA is resistant to endonuclease digestion compared with free 
DNA (31,37). These properties are probably important for duration of expres¬ 
sion; presumably the longer the DNA survives, the longer its product will be 
expressed. 

A number of different polycations have been used to transfer genes. Most 
commonly, poly K has been used to condense DNA, but poly-E-arginine (61), 
poly-E-omithine (61), and polyethylenimine (PEI) (62) have also been tested. 
Plasmids compacted with poly-E-arginine were not expressed because of the 
tight interaction of poly-E-arginine with DNA that prevents transcription fac¬ 
tors from interacting with the transgene even if it is delivered intact. Poly-E- 
omithine was also inefficient in gene transfer (61). Poly K and PEI remain the 
most efficient polymer cations used in molecular conjugate-mediated gene 
delivery. Since stretches of lysine occur in many nuclear localization signals 
(54,55), it has been postulated that poly K may be more efficient in targeting 
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DNA to the nucleus once DNA complexes are internalized and have escaped 
the endosome. Also, poly-L-amino acid DNA complexes are relatively nonan- 
tigenic and are biodegradable (63,64). Although it lacks these advantages, PEI 
has a superior ability to disrupt endosomes during acidification, causing rup¬ 
ture and more efficient release (62). Other DNA binding molecules, such as 
histones (6,47) and protamines (21,26), have also been used as DNA condens¬ 
ing agents. 

1.3. Endosomal Escape and Export to the Nucleus 

Although molecular conjugate-DNA complexes imitate the entry processes 
of some viruses, they lack their efficiency in escaping the endosomal compart¬ 
ment (65). Szoka and colleagues (66) report that polycations that can be proto- 
nated may uncouple the endosomal proton pump, resulting in endosome lysis 
caused by an influx of water, but this process does not apply to all polycations. 
Other investigators have used a variety of agents to enhance endosomal escape, 
either incorporated into the molecular conjugate-DNA complexes or adminis¬ 
tered separately. The efficiency of gene transfer in many systems has been 
enhanced through disruption of the endocytic pathway by pharmacologic 
agents such as chloroquine (16,49,65). 

Whole adenovirus particles (33-35,50,51) have been coupled to molecular 
conjugate-DNA complexes to augment endosomal release. Acidification in the 
lysosomes results in conformational changes in the adenoviral capsid proteins 
that cause pore formation in the vesicle membrane and allows for the escape of 
its contents into the cytoplasm. In airway epithelial cells in vivo, adenovirus- 
linked poly K and transferrin-adenovirus-poly K delivered reporter genes 
through the luminal route (40). Furthermore, the use of asialoorosomucoid- 
based molecular conjugates modified with an inactivated adenovirus particle 
resulted in high levels of expression in primary hepatocytes (33,35). However, 
when a reagent that is itself capable of cell surface interaction is included in the 
complex, internalization of these intact viral conjugates might occur through 
the viral receptor and not through the intended targeting receptor. 

Viral sequences, such as those implicated in the fusogenic activity of influ¬ 
enza hemagglutinin HA-2, were bound to transferrin-poly K DNA complexes 
by Wagner and colleagues (52), resulting in a marked increase in the level of 
transgene expression in cell culture. Other peptides, like the fusion protein of 
the respiratory syncytial virus or synthetic endosomal release peptides, have 
also been suggested (53). One major drawback of using viral particles and pro¬ 
teins, however, is their intense immunogenicity in vivo. 

The ultimate target of molecular conjugate-DNA complexes is the nucleus, 
where transcription occurs. So far, no detailed reports have focused on nuclear 
entry, so it is unclear whether it occurs simply by mass action or whether there 
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exists some specific uptake mechanism. Access of transgenes to the nucleus is 
favored by cell division, when the nuclear envelope disintegrates during mito¬ 
sis. Gene transfer via the asialoglycoprotein receptor is increased when hepatic 
regeneration is induced by partial hepatectomy, which induces cell replication 
in a normally quiescent tissue (27,28,38). However, condensed molecular con¬ 
jugates can efficiently deliver genes to quiescent cells, such as airway epithelia 
(3,32); thus, for at least some receptor-targeted systems, cell division is not 
required for gene expression. 

An intriguing hypothesis is that the lysines on the poly K component of the 
molecular conjugate may target the attached DNA to the nucleus. Several viral 
proteins implicated in nuclear translocation have sequences rich in lysine, such 
as the amino acid sequence Phe-Lys-Lys-Lys-Arg-Lys-Val from the simian 
virus-40 large T-antigen (54) or Lys-Lys-Lys-Tyr-Lys-Leu-Lys from the hu¬ 
man immunodeficiency virus type-1 (55). Enhanced nuclear localization may 
help explain why poly K-containing molecular conjugates have been more 
efficient in gene transfer than other poly-L-amino acid polycations. However, 
other investigators suggest that poly K itself provides little, if any, nuclear 
targeting. 

Once delivered to the nucleus, different DNA plasmids result in varying 
expression patterns. The intensity and duration of transgene expression depend 
on the tissue or cell type transduced, the promoter and whether it can be extin¬ 
guished, the nature of the transgene, and the relative survival of the recipient 
cells as well as other factors discussed above. For instance, the expression of 
certain reporter genes (e.g., bacterial P-galactosidase) can induce a cytotoxic 
lymphocyte response (67), so that the transfected cell is eliminated. Degrada¬ 
tion of foreign DNA within the cell will also limit expression. Endotoxin con¬ 
tamination of plasmid preparations damages cells and can affect expression 
(68). Several investigators have designed episomal DNA vectors that extend 
the survival of the transgene. Self-replicating episomal vectors that contain a 
viral origin of replication allow transgenes to persist in dividing cells (69). In 
addition, artificial chromosomes (70) may allow for regulated permanent 
expression but face formidable problems of delivery. Thus, once the receptor- 
mediated molecular conjugate has accomplished its function of delivering its 
cargo (i.e., the DNA) across the target cell membrane and into its nucleus, the 
stability and design of the DNA become crucial. 

1.4. Targeting Cell Surface Receptors 

The strength of receptor-mediated gene transfer is its selective nature. 
Indiscriminant transgene delivery and expression may be disadvantageous and 
are thus undesirable. Table 1 lists a number of the cell surface receptors that 
have been targeted for molecular conjugate gene delivery. We will discuss only 


TABLE 1 

Receptors Targeted with Molecular Conjugate Vectors 


Receptor 


Asialogly¬ 

coprotein 

Transferrin 


Polymeric 

immuno¬ 

globulin 

Serpin enzyme 
complex 


Epidermal 
growth factor 
(EGF) 

Integrin 

Folate 


Ligand Trafficking Target cells 


Asialoorsomucoid 

galactose 

Lysosomal 

Flepatocytes 

Transferrin 

Recycled 

Ubiquitous 

Anti-pIgR 

antibody 

Transcytotic 

Respiratory 
and intestinal 
epithelia, 
hepatocytes 

Peptide ligands 

Lysosomal 

Flepatocytes, 
glia, neurons, 
macrophages, 
respiratory 
epithelia 

EGF and anti- 

EGF-R 

antibody 

Lysosomal/ 

recycled 

Ubiquitous 

Peptide ligand 

Lysosomal 

Ubiquitous 

Folate 

Lysosomal 

Ubiquitous 


Successful 

transfection 


Cotransfer 
elements used 


Reference 


Moderate in vitro 

Low in vivo 

Endosomolytic agents 
(unless partial 
hepatectomy) 

1,4-7,27-31, 

33,35,38,39 

Moderate in vitro 

Minimal in vivo 

Endosomolytic 
agents/adenovirus 
particles 

2,20,21,24, 

34,40,44,47, 

49-53,71 

Moderate in vitro 

and in vivo 

None 

3,32,72 

Fligh in vitro 
Moderate in vivo 

None 

12,13,37 

Moderate in vitro 

Adenovirus particles 

25 

Moderate in vitro 

None 

11 

Moderate in vitro 

None 

16 
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TABLE 1 (continued) 


Receptor 

Ligand 

Trafficking 

Target cells 

Successful 

transfection 

Cotransfer 

elements used 

Reference 

Mannose 

Mannose 

Lysosomal 

Macrophages 

Moderate in vitro 

Low in vivo 

None 

8,23,36 

Cell surface 
gylcocalyx 

Lectins 

Lysosomal/ 

recycled 

Ubiquitous 

Moderate in vitro 

None 

14 

Surfactant A 

Surfactant 
protein A 

Lysosomal 

Respiratory 
epithelia and 
alveoli 

Moderate in vitro 

None 

10 

c-kit 

Anti-CD3 

antibody 

Lysosomal 

Hematopoietic 

Moderate in vitro 

stem cells 

None 

9 

Carbohydrate 

Anti-T^ antibody 

Lysosomal 

Carcinoma cells 
and lymphocytes 

Moderate in vitro 

None 

19 

CD3 

Steel factor (SLF) 

Lysosomal 

Lymphocytes 

Moderate in vitro 

Adenovirus particles 

17 
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those tested in vivo as well as in vitro, although the others are listed in the 
table. In 1987, Wu and Wu. (1) described a soluble DNA carrier that targeted 
the asialoglycoprotein receptor, an integral membrane glycoprotein on hepato- 
cytes that clears galactosylated (or partially degraded) glycoproteins from the 
blood for lysosomal degradation (reviewed in ref. 41). Treatment of 
orosomucoid with neuraminidase exposes the terminal galactose, and this pro¬ 
tein was covalently linked to poly K, which was complexed with a plasmid 
encoding chloramphenicol acetyltransferase. The resulting complex success¬ 
fully targeted the livers of rats, although protracted (weeks) expression only 
occurred if animals underwent partial hepatectomies at the time of injection 
(27,28,38). This receptor-targeted molecular conjugate was used in subsequent 
studies, but variability was greater and the low-level gene expression observed 
was transient. In Nagase analbuminemic rats, systemic injection of targeted 
complexes containing a chimeric gene encoding human albumin after partial 
hepatectomies resulted in expression for as long as 4 weeks (28). 

Wilson and co-workers (29) used similar molecular conjugates to deliver a 
gene encoding the low-density lipoprotein (LDL) receptor to the livers of 
Watanabe rabbits, a model for familial hypercholesterolemia. LDL receptor 
mRNA was detected 1 day after administration, but not at 3 days, and total 
cholesterol levels in the blood of transfected rabbits were reduced by 30% 
2 days after treatment but returned to pretreatment levels 5 days after transfec¬ 
tion. Some repeat injections failed to produce expression. Stankovics and col¬ 
leagues (39) reported that asialoorosomucoid-poly K molecular conjugates 
delivered the methylmalonyl coenzyme A (CoA) mutase gene to the liver in 
quantities that may be therapeutic in patients with methylmalonic aciduria, an 
inborn error of metabolism, but expression lasted <2 days, and repeated injec¬ 
tions produced an antibody response against the ligand. Perales and colleagues 
demonstrated that a molecular conjugate consisting of a poly K chemically 
linked to a-o-galactopyranosyl phenylisothiocyanate could introduce func¬ 
tional genes to hepatocytes in vitro (7) and in vivo (30). Human factor IX cDNA 
was specifically introduced into the livers of adult animals and was expressed 
for weeks after administration. Thus, in general, asialoglycoprotein receptor- 
directed molecular conjugates give transient or low-level gene expression in 
vivo, and the larger ligands for the receptor have proved to be immunogenic. 

Another target for gene transfer has been the transferrin receptor, a dimeric 
glycoprotein 180 kDa in size (reviewed in ref. 42). This receptor binds to its 
natural ligand, transferrin, rapidly internalizes, and then recycles the ligand 
back to the cell surface. The transferrin receptor is present in many cells, in¬ 
cluding erythroblasts, hepatocytes, and tissue macrophages. This endocytotic 
pathway has also been exploited to deliver drugs and toxins to tumor cells in 
vitro (20). Bemstiel and associates (2,21,24) reported that expression plasmids 
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targeted to the transferrin receptor were efficiently delivered to avian and 
human erythroid cells in vitro in a receptor-specific fashion and that transgene 
expression was augmented by treatment with lysosomotropic agents, such as 
chloroquine. The transferrin receptor was also capable of delivering DNA plas¬ 
mids as large as 48 kB (44), overcoming one of the limitations of virus packag¬ 
ing systems. The size of the DNA complexes formed with the transferrin-based 
conjugates was critical for gene transfer, and complexes <100 nm in diameter 
were better than larger preparations. 

In vivo, systemic injection with transferrin-directed DNA complexes failed 
to produce significant transgene expression in tissues, but local injection into 
the liver resulted in high levels of reporter gene expression (51). Zatloukal and 
colleagues (71) used the transferrin-based conjugate to deliver the interleukin- 
2 gene to murine melanoma cells and obtained high levels of the cytokine. 
Airway epithelia of intact animals have also been transfected using human 
transferrin-poly K and transferrin-adenovirus-poly K molecular conjugates (40) 
designed to exploit the endosomolytic property of adenovirus. Intratracheal 
instillation of DNA bound to these conjugates resulted in transient low-level 
expression of the reporter gene, which peaked 1 day after transfection and 
returned to pretreatment levels by 7 days. 

The lung is an attractive organ for gene therapy. Davis and co-workers 
(3,32,72) targeted the polymeric immunoglobulin receptor (pIgR), which is a 
bulk flow receptor for dimeric IgA and polymeric IgM expressed in human 
respiratory epithelium and the serous cells of the submucosal glands (reviewed 
in ref. 43). These cells express the cystic fibrosis transmembrane conductance 
regulator, so the pIgR may be an attractive target for the treatment of cystic 
fibrosis (32). In animals, the polymeric immunoglobulin receptor introduced 
expression plasmids to airway epithelial cells when the pIgR-directed molecu¬ 
lar conjugates were injected into the systemic circulation. (The receptor is pre¬ 
dominantly expressed on the basolateral surface.) Expression was transient, 
lasting <12 days after injection, and repeated injection provoked a neutralizing 
serologic response directed against the Fab portion of the complexes (72). 

Tissue macrophages have been targeted by way of the mannose receptor 
both in vitro and in vivo. This receptor is abundantly expressed by a variety of 
macrophage subtypes and internalizes glycoproteins with mannose, glucose, 
fucose, and A-acetylglucosamine residues in exposed, nonreducing positions, 
for lysosomal degradation (reviewed in ref. 73). Systemic administration of 
expression plasmids complexed to the mannose-terminal glycoprotein molecu¬ 
lar conjugates resulted in successful delivery to the reticuloendothelial organs 
in adult mice (36). However, transfection efficiency was low, and transgene 
expression, which peaked 4 days after administration, was transient. 

Ziady et al. (13,37) have used SEC-R to examine a number of characteris¬ 
tics of receptor-mediated molecular conjugate gene transfer. SEC-R, originally 
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described as a binding site on human hepatoma cells and blood monocytes, 
recognizes a sequence in ttj-antitrypsin that is exposed only when it is 
complexed with a serine protease such as neutrophil elastase or modified by 
either metalloelastase or by the collaborative action of active oxygen interme¬ 
diates and neutrophil elastase (reviewed in ref. 74). The receptor is present on 
such cell types as mononuclear phagocytes, neutrophils, myeloid cell lines 
U937 and HL60, the human intestinal epithelial cell line CaCo2, mouse fibro¬ 
blast L cells, the rat neuronal cell line PC 12, and the human glial cell line 
U373MG. Using synthetic peptides based in sequence on apantitrypsin, Ziady 
and colleagues (12) targeted reporter genes specifically to receptor-bearing 
cells. Further studies detailed the effects of substitution of poly K with recep¬ 
tor ligands on expression (13). Using sparsely substituted poly K of various 
lengths it was possible to extend or shorten the duration of expression as well 
as affect the intensity of expression in vitro and in vivo (13,37). 

Thus, investigators have targeted a variety of cell surface receptors for 
molecular conjugate-mediated gene delivery with considerable success in cell 
culture and in animals. In the consideration of a suitable receptor, a number of 
criteria concerning the type of receptor should be met, including abundance 
and selectivity of cargo. Design of the ligand should be simple and reproduc¬ 
ible. Since the ligand is the most immunogenic and/or toxic portion of recep¬ 
tor-targeted molecular conjugates, manipulation of ligand size, structure, and 
design may reduce these undesirable effects. 

2. Materials 

2. 1. Ligand Design and Production 

The choice of ligand depends on the receptor to be targeted. Peptide display 
technology may also be used to identify a ligand that will be internalized by the 
cells of interest. Preferably, ligands should have high-affinity for the receptor 
and low immunogenicity, initiate minimal cell signaling, and be easy to couple 
(reliably and efficiently) to the polycation. 

2.2. Moiecuiar Conjugate Construction 

Given the variety of options, we will describe the basic construction of SEC- 
R-directed molecular conjugate lacking endosomolytic, nuclear localizing, or 
complex stabilizing enhancements, as a prototype for conjugate preparation. 

1. Poly K (Sigma, St. Louis, MO) or other nonlipid polycation in water (see Notes 
1 and 2). 

2. Sulfo Z,C-SPDP (Pierce, Rockford, IL) or other hetero- or homobifunctional 
linker (see Note 3) dissolved in a solvent lacking phosphate (^ee Note 2). 

3. Polypropylene 0.5-2.0 mL presiliconized microcentrifuge tubes that are RNase/ 
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DNase free and sterile (National Scientific Supply, San Rafael, CA) or similar 
tubes (see Notes 4 and 5). 

4. Purified receptor ligand (>98% pure; see Note 6 ) dissolved in a nonphosphate- 
containing solvent (see Note 1). 

5. Phosphate-buffered saline (PBS): 1.0% NaCl, 0.025% KCl, 0.14% Na 2 HP 04 , 
0.025% KH 2 PO 4 (all w/v), pH 7.4; sterile. 

6 . Although they are not necessary, enhancement moieties such as reactive PEG 
and/or biotinylated viral particles may be used {see Note 7). 

7. Sterile dialysis tubing of the appropriate molecular weight cutoff {see Note 8 ). 

2.3. Analysis of Receptor-Targeted Conjugates 

1 . Lyophilizer (for example, Freezemobile II by Virtis) and appropriate lyophiliz- 
ing equipment. 

2. Deuterated water (Sigma). 

3. 300 MHz or higher nuclear magnetic resonance (NMR) spectrometer (for 
example, the Varian Unity Plus 600 NMR; see Note 9). 

4. A VIS/UV light spectrophotometer (for example, Beckman DU-64). 

5. Ellman’s reagent (Pierce) or other linker analysis reagent {see Note 10). 

6 . Polyacrylamide and conventional sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS/PAGE) equipment {see Note 11). 

7. Fast Protein Liquid Chromatography (FPLC™) or equivalent equipment. 

2.4. DNA Plasmid Preparation 

Plasmid DNA quality is crucial to the quality and efficiency of receptor- 
targeted DNA complexes. DNA should be purified by double CsCl gradient 
centrifugation ( 75 ) or an equivalent high-quality method. The choice of DNA 
will depend on the experimental goal. Primarily, reporter genes should be used 
to assess efficacy of gene transfer to provide an understanding of the param¬ 
eters for using the optimal molecular conjugate and dose for therapeutic genes. 
DNA size can vary, as discussed above. However, although molecular conju¬ 
gates can compact large DNA molecules, the larger the plasmid, the larger the 
complex size, so minimizing plasmid size may be advantageous. 

2.5. Molecular Conjugate Condensation of DNA 

1. Expression plasmid DNA {see Note 12). 

2. Receptor ligand-polycation conjugate (molecular conjugate). 

3. 5 M stock of sterile RNase/DNase-free NaCl. 

4. Polypropylene ultraclear 0.5-2.0 mL presiliconized microcentrifuge tubes that 
are RNase/DNase free and sterile (National Scientific Supply) or similar tubes 
(^ee Note 4). 

5. Microcentrifuge tube shaker (for example, Janke and Kunkle IKA VIBRAX). 

6 . Sterile dialysis tubing of the appropriate molecular weight cutoff {see Note 8 ). 
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7. Polyethersulfone filtration membrane (Whatman, Fairfield, NJ) or other similar 
filtration membrane (see Note 4). 

2.6. Analysis of Receptor-Targeted DNA Complexes 

Although analysis is not necessary for the formation of efficient receptor- 
targeted DNA complexes, particle size and structure are key parameters for 
gene transfer, so monitoring is strongly recommended. It is desirable to use 
more than one technique in assessing complex structure to confirm observa¬ 
tions. Of course, no clinical or preclinical trials should be done without such 
analysis. 

1. A laser cytometer or similar device capable of dynamic light scattering {see 

Note 13). 

2. A VIS/UV light spectrophotometer (for example, Beckman DU-64). 

3. Carbon type-B electron: 400-1000-mesh copper or similar micrograph grids. 

4. 2 X 2-cm ultraclean mica wafer or similar substrate for atomic force microscopy. 

5. Uranyl acetate (Polysciences, Warrington, PA). 

6. Conventional agarose and agarose gel electrophoresis equipment. 

7. Transmission electron microscope (for example, JEOL-IOOC). 

8. Scanning atomic force microscope (for example. Nanoscope III with a SPARC 
10 Sun Microsystems workstation). 

3. Methods 

3.1. Generation of Receptor-Targeted Molecular Conjugates 

Selection of the polycation portion of the molecular conjugate is determined 
by the investigators’ preferences. Poly K and PEI are the most promising 
polycations for DNA condensation. As discussed above, many different mate¬ 
rials and methods are employed by investigators to form molecular conjugates, 
but the basic principles regarding the rate of substitution of the polycation and 
size of the polycation will always apply. We describe the use of 
heterobifunctional linkers to conjugate SEC-R receptor-targeted peptide 
ligands to poly K to illustrate construction of a conjugate. These molecular 
conjugates are efficient in vitro ( 12 , 13 ) and in vivo ( 37 ), and are good models 
for conjugations of sulfhydryl-containing ligand and primary amines on 
polycations. Enhancements such as PEGylation ( 59 ) or conjugation to viral 
particles ( 33 - 35 , 50 , 51 ) may be carried out, but it should be noted that exces¬ 
sive modification can interfere with DNA condensation. Figure 2 demonstrates 
this method of polycation to ligand coupling. Since lysine residue substitution 
is an important parameter in conjugation, modifier concentrations are expressed 
as percent of lysine residues, not poly K molecules. All solutions must be 
sterile. 
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Fig. 2. Chemical coupling of poly K to a sulfhydral-containing ligand with sulfo 
LC-SPDP. Poly K can be chemically coupled to a sulfhydral-containing ligand using 
the heterobifunctional linker sulfo ZC-SPDP. This scheme is representative of mo¬ 
lecular conjugate construction. After the linker is reacted with the poly K, the result¬ 
ing compound can be examined by proton NMR. Since the aromatic ring (single 
asterisk) produces a proton spectrum distinct from lysine, accurate measurement of 
linker substitution of poly K is possible. Once the ligand is coupled to the linker, this 
ring is released (double asterisk) and can be monitored by OD. However, if the ligand 
is small and also produces a distinct proton spectrum, NMR analysis is more accurate. 

1. Produce peptide ligands (M^ < 5 kDa) by conventional solid-phase synthesis to 
contain a cysteine at the N terminus. 

2. Incubate poly K (approx 252 lysines, average Mj = 53.7 kDa) with the 
heterobifunctional crosslinking reagent sulfo TC-SPDP. Add 42 |iL of 1 mM sulfo 
Z,C-SPDP in water to 12 mg poly K (1000-fold molar excess of lysine to sulfo 
TC-SPDP or 0.1% linker) in 0.1 PBS, pH 7.4, at room temperature for 30 min 
(see Note 2). 

3. Dialyze reaction mixture exhaustively in 10,000 M,. cutoff dialysis tubing at room 
temperature against PBS to remove unreacted sulfo TC-SPDP and low molecular 
weight reaction products. 

4. Following dialysis, a portion of the sample may be set aside to assess exact con¬ 
centrations of postdialysis modified poly K, purity, and linker coupling efficiency 
by NMR (see Notes 9 and 14) or other analysis. 

5. To drive the disulfide reaction to completion, add ligand (10-100-fold molar 
excess over coupled linker) to the modified poly K in PBS (pH 7.4) and allow the 
reaction to proceed at room temperature for 24 h (see Note 14). 


Receptor-directed Molecular Conjugates 


39 


6. Exhaustively dialyze the conjugate in 10,000 cutoff dialysis tubing at room 
temperature against ultrapure water to remove unreacted ligand and low molecu¬ 
lar weight reaction products. If the ligand used is not easily separated from the 
conjugate by dialysis (for example, if the ligand size is too close to the size of the 
conjugate), then high-performance liquid chromatography (HPLC) or an equiva¬ 
lent technique may be used (see Note 15) 

7. A portion of the sample may be separated after dialysis for analysis by NMR {see 
Notes 9 and 16) or other methods. 

8. Store the remaining sample in aliquots at -80°C to avoid freeze/thaw damage. 

3.2. Molecular Conjugate Analysis 

Because of the repetitive nature of the polycation and the small size of the 
ligand used (see Note 9), it is possible to use NMR to verify the degree of 
substitution of the poly K as well as the concentration and purity of the compo¬ 
nents of the molecular conjugate. Furthermore, linkers such as sulfo ZC-SPDP 
usually contain aromatic rings that produce resonances distinct from the 
polycation, allowing for monitoring of each step of the conjugation process. 
Ligands and polycations that do not lend themselves to such analysis may be 
examined by conventional SDS-PAGE and spectrophotometric methods (3). 

1. Dialyze an aliquot (4 mg in respect to poly K) of the conjugate exhaustively 

against water in cutoff 5000-10,000 dialysis tubing at room temperature. 

2. Lyophilize from water and then from D 2 O. 

3. Resuspend in 0.75 mL of 99.99% D 2 O. 

4. Obtain proton NMR spectra at 300-600 MHz using standard proton parameters, 
previously described (13). Spectra acquisitions typically require between 0.5 and 
16 h. 

5. Chemical shifts should be referenced to the residual deuterated water resonance 
at approximately 4.8 ppm. 

6. Aliquots of dialysis bath water as well as dialysis bag wash should also be lyo- 
philized and examined by NMR to verify the absence of contaminants. 

7. Integration of spectra provides the molar ratios of the components of the molecu¬ 
lar conjugate and may be used to calculate the efficiency for each of the conjuga¬ 
tion steps. 

8. A known concentration of a simple compound, such as acetate, with a proton 
spectrum is that nonoverlapping with the spectra produced by the polycation or 
ligand may be added to determine the exact concentration of the molecular con¬ 
jugate. 

3.1. Receptor-Targeted DNA Complex Production 

As discussed above, two main methods have been used to produce receptor- 
targeted DNA complexes. Initial reports (1) described a technique capable of 
compacting 200-500 |lg of DNA with short-length poly K (Mr= 3800) in 1 mL 
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low-salt (approx 150 mMNaCl) solution. Condensation with longer polymers 
with this method results in precipitation unless the molecular conjugate is modi¬ 
fied with PEG, or else a smaller concentration of DNA (30-60 pg/mL) must be 
used. Furthermore, this technique produced a heterogeneous population of large 
DNA complexes averaging 150-200 nm in diameter (1,27,28). Filtration could 
isolate the smaller particles from this mixed population, but it reduced the effec¬ 
tive DNA concentration. An alternative technique described by Perales and 
colleagues (56) avoids some of these limitations. This method allows for com¬ 
paction of DNA at high concentrations (up to 12 mg/mF) with any size 
polycation. In addition, smaller particles are produced, averaging 20-30 nm in 
diameter, which is advantageous in vivo, as discussed above. Here we describe 
the basis for each method using the molecular conjugate constructed in Sub¬ 
heading 3.1. to condense DNA into charge neutral particles, although a 1:1 
DNA to conjugate charge ratio is not necessary for particle production. How¬ 
ever, positively charged particles can be internalized nonspecifically because 
of interaction with the negatively charged cell membrane. Furthermore, exces¬ 
sive positive charge will activate the complement cascade in vivo. Therefore, 
we recommend production of neutral charge particles. 

3.3.1. Low-Salt Condensation 

1. Add 2.3 pg of molecular conjugate in 250 pL of water to 5 pg of plasmid DNA in 
250 pL of 0.3 MNaCl while agitating in ultraclear microcentrifuge tubes. 

2. Higher NaCl concentrations can be used with higher concentrations of DNA, 
followed by stepwise dialysis to bring the salt concentration down to saline 
levels. 

3. Incubate mixture at room temperature for 30 min. 

4. The mixture can be filtered through a 0.2-pm polyethersulfone filter to remove 
large aggregates. 

5. An aliquot of the mixture (50-100 pL) should be retained for analysis. 

6. These complexes are reasonably stable and can be stored at 4°C for 1 week. 

3.3.2. High Salt Condensation 

1. To 200 pg plasmid DNA in 500 pi 0.4 AfNaCl, add 10 pL of molecular conjugate 
(80 pg in 500 pL 0.4 M NaCl) every 3 min under constant vortexing at room 
temperature in ultraclear nonstick microcentrifuge tubes. 

2. Continue additions until total amount of conjugate is added (about 2.5 h). 

3. After the addition of the carrier to the DNA is complete, aggregates should be 
visible in solution. 

4. Adjust the sodium chloride concentration by slowly adding small aliquots of 5 M 
NaCl (approx 2-5 pL) until the rise in ionic strength dissociates aggregated DNA 
complexes, and the turbidity of the solution clears. 

5. The final volume of the DNA complex solution should contain 0.8-1 pg plasmid 


Receptor-directed Molecular Conjugates 


41 


DNA/5 |iL (1:0.40 w/w DNA to peptide-poly K conjugate ratio) in 1.0-1.1 M 
NaCl for 53.7-kDa polymers. 

6. Controls often include DNA condensed in the same method with unconjugated 
poly K and naked DNA. 

7. The mixture can be filtered through a 0.2-|am polyethersulfone filter to remove 
large aggregates, but this is not as important as with complexes formed with the 
low salt method. 

8. Retain an aliquot of the mixture (50-100 |iL) for analysis. Unless modified for 
stability (for example, with PEG) these complexes should be used within 1 h of 
condensation. 

3.4. Analysis of Receptor-Targeted DNA Complexes 

Since the quality of the DNA complexes is essential to efficacy, analysis of 
the purity, structure, and size of these particles is recommended. Conventional 
agarose gel electrophoresis retardation assays have been used by a number of 
investigators, as rough measures of proper condensation. As DNA charge is 
neutralized by the molecular conjugate, its electrophoretic mobility is dimin¬ 
ished. Complete retardation should indicate charge neutrality, whereas reversed 
migration toward the negative electrode indicates excess positive charge. 
Dynamic light scattering can also be used to estimate the size of constructed 
DNA complexes, but this technique has limited accuracy when measuring very 
small particles dispersed among a heterogeneous population of larger aggre¬ 
gates of varying shapes. Two techniques, EM and atomic force microscopy 
(AFM), have become widely used by investigators to assess complex size and 
structure. Transmission EM is a powerful, and well-established method for 
examining these complexes with high resolution (7,12). AFM, a newer tech¬ 
nique, further allows for examination of particles in solution, thus providing 
information on hydrated complex structure (76). 

3.4.1. EM Analysis of DNA Complexes 

1. Add a 10-pL aliquot of diluted DNA complex solution (1:10 dilution) to a 1000- 
mesh electron microscope carbon grid, immediately after DNA condensation. 
High salt concentrations can sometimes destroy the carbon micrographs. Thus, 
although it is not absolutely required, we recommend diluting the DNA complex 
solution. 

2. Then blot grids and fix them in methanol or ethanol. 

3. Stain the grids with a drop (10-15pL) of 0.04% uranyl acetate. 

4. Let grids dry for 5-10 min. at room temperature in a clean, dust-free area. 

5. Grids can be sputter-coated with platinum to allow rotary shadowing on samples 
to provide information of the three-dimensional structure of the DNA complexes. 

6. Examine samples using a JEOL-IOOC transmission electron microscope. 

7. Solutions used in complex formation as well as blank wafers should be examined 
to ensure absence of contaminants. 
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3.4.2. AFM Analysis of DNA Complexes 

1. Prepare samples on suitable substrate surfaces (for example, mica chips for neu¬ 
tral charge particles). 

2. For analysis of dried samples, add a drop of the solution (1:100 dilution) to the 
surface of a 2 x 2-cm mica wafer immediately after formation of DNA com¬ 
plexes, and let dry for 3 h in a clean, dust-free area. 

3. Lightly rinse dried wafers with double-deionized water to remove salt crystals. 

4. For analysis of hydrated samples, add 10-20 pL to the fluid chamber of an AFM, 
and allow sample to settle and bind the substrate surface at the bottom of the 
chamber for 1 h. 

5. Set the microscope so that the cantilever deflection maintains an applied force 
less than 10 nN; the force of adhesion is about 30 nN. 

6. Adjust feedback gain and scanning speed to minimize errors caused by temporal 
response limitations. 

7. Transfer images in binary format to a SPARC 10 Sun Microsystem workstation, 
where they can be converted to gray scale and analyzed. 

8. Solutions used in complex formation as well as blank wafers should be examined 
to ensure absence of contaminants. 

4. Notes 

1. Solutions involved in the condensation process should be phosphate free, since 
negatively charged phosphates interfere with the polycation-DNA interaction. 

2. Polycations other than poly K may be used for DNA compaction. Modification of 
these polymers will differ depending on their chemical properties. Also, most 
commercial poly K is heterodispersed; for better defined complexes, as for pre- 
clinical trials, may be purified or custom synthesized. 

3. A number of chemical linkers are available for specific or nonspecific linkage of 
various moieties. These may be used according to preference as long as the basic 
premises of polycation modification are applied. 

4. Polycation-DNA complexes and especially the polycation prior to condensation 
tend to adhere to uncoated surfaces. Thus, nonstick containers and filters should 
be used throughout the preparation to minimize sample loss. 

5. Since most preparations are carried out at room temperature, it is important to use 
sterile containers that are DNase free, to avoid bacterial contamination and/or 
DNA degradation. 

6. The purity of the ligand is essential to the success of chemical coupling and gene 
transfer. Contaminants will reduce the effective concentration of the active ingre¬ 
dient in receptor targeting and may lead to nonreceptor-specific internalization. 

7. Molecular conjugate enhancers such as PEG and/or biotinylated viral particles 
may be coupled to the conjugate at low levels to avoid interference with DNA 
condensation. 

8. Azide, used in many instances to maintain dialysis bag sterility, must be removed 
so as to not contaminate samples that will be applied to cells later in vitro or in 
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9. In coupling small moieties (e.g., ligand, PEG, and so on) to the polycation, NMR 
can be used to monitor the conjugation process if these moieties and the coupling 
reagents produce resonances distinct from the polymer. 

10. Many protein-modifying chemicals, such as Ellman’s reagent, may be used in 
spectrophotometric analysis of the extent of coupling of the DNA carrier. 

11. Poly K has an excess positive charge and a high and thus will not enter SDS- 
PAGE gel unless coupled to a large, more neutrally charged protein. Other 
polycations such as protamine and histone may enter the gel but may travel in an 
unexpected manner because of charge. 

12. All DNA preparations should be purified by double-CsCl gradient centrifugation 
or an equivalent method and stored at -20°C. DNA purity is crucial for proper 
condensation and thus for gene transfer. Furthermore, contamination of DNA with 
bacterial toxins may be toxic to cells during transfection. 

13. Variation in solubility and a wide range of different size particles in solution may 
result in inaccurate measurements by dynamic light scattering. Thus, these mea¬ 
surements should be confirmed with other techniques such as EM or AFM. 

14. Dialysis bath water and solutions used in molecular conjugate construction should 
be examined by NMR to assess the presence of contaminants. 

15. Because of the stickiness of the conjugate, the proper column should be used to 
allow for total retrieval of the sample. 

16. The same aliquots examined by NMR may also be examined by other techniques, 
such as SDS-PAGE, and chemical analysis. 
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Gene Transfer into Muscle by Electroporation 
In Vivo 

Jun-ichi Miyazaki and Hiroyuki Aihara 


1. Introduction 

Among the nonviral techniques for gene transfer in vivo, the direct injection 
of plasmid DNA into muscle is especially simple, inexpensive, and safe. How¬ 
ever, applications of this method have been limited by the relatively low expres¬ 
sion levels of the transferred gene. Recently, we investigated the applicability 
of in vivo electroporation for gene transfer into muscle, using plasmid DNA 
expressing a cytokine as the vector. The results demonstrated that gene trans¬ 
fer into muscle by electroporation in vivo is far more efficient than simple 
intramuscular DNA injection and provides a potential approach toward sys¬ 
temic delivery of cytokines, growth factors, and other serum proteins for human 
gene therapy. 

1.1. Naked DNA Injection into Muscie 

Plasmid DNA injected into skeletal muscle is taken up by muscle cells, and 
the genes in the plasmid are expressed for more than 2 months thereafter (1-9), 
although the transfected DNA does not usually undergo chromosomal integra¬ 
tion (1,2). However, the relatively low expression levels attained by this 
method have limited its applications for uses other than as a DNA vaccine (4). 
There are a number of reports analyzing the conditions that affect the effi¬ 
ciency of gene transfer by intramuscular DNA injection and assessing the fine 
structures of expression plasmid vectors that may affect expression levels 
(5,10). For example, Vitadello et al. (6) showed that regenerating muscle pro¬ 
duced 80-fold or more protein than did normal muscle, following injection of 
an expression plasmid. Muscle regeneration was induced by treatment with 
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cardiotoxin or bupivacaine (6,7). By combining a strong promoter and 
bupivacaine pretreatment, we previously demonstrated that intramuscular 
injection of an interleukin-5 (IL-5) expression plasmid results in IL-5 produc¬ 
tion in muscle at a level sufficient to induce marked proliferation of eosino¬ 
phils in the bone marrow and eosinophil infiltration of various organs in mice 

(8) . Recently, it was also reported that a single intramuscular injection of an 
erythropoietin expression plasmid produced physiologically significant eleva¬ 
tions in serum erythropoietin levels and increased hematocrits in adult mice 

(9) . Hematocrits in these animals remained elevated at >60% for at least 90 
days after a single injection. However, improvements to this method have not 
been sufficient to extend its application to human gene therapy. 

1.2. In Vivo Electroporation 

Electroporation has been widely used to introduce DNA into various types 
of cells in vitro. Recently, it has been reported that gene transfer by electro¬ 
poration in vivo, that is, DNA injection followed by the application of electric 
fields, is highly effective for introducing DNA into mouse skin (11), chick 
embryos (12), rat liver (13), and murine melanoma (14). Based on these find¬ 
ings, we investigated the applicability of in vivo electroporation for gene trans¬ 
fer into muscle, using plasmid DNA carrying the gene for IL-5, which is 
involved in the growth and differentiation of B-cells and eosinophils (15). Fifty 
micrograms each of a control plasmid or an IL-5 expression plasmid were in¬ 
jected into the bilateral tibialis anterior muscles of mice. Two electrode needles 
were inserted into the muscle to encompass the DNA injection sites, and elec¬ 
tric pulses were delivered using an electric pulse generator. Then six 50-ms- 
long pulses of 50 V each were delivered to each injection site at a rate of 1 
pulse/s. Five days later, serum IL-5 levels were measured by enzyme-linked 
immunosorbent assay (ELISA). In the mice injected with control plasmid, IL- 
5 levels were below the detection limit of the assay (<10 pg/mL), irrespective 
of the administration of electric pulses. IL-5 levels in the mice injected with 
IL-5 expression plasmid were 0.2 ng/mL without electropulsation, but 12 ng/ 
mL with electropulsation. 

Histochemical analysis of muscles injected with a lacZ expression plasmid 
showed that in vivo electroporation markedly increased both the number of 
muscle fibers taking up plasmid DNA and the copy number of plasmids intro¬ 
duced into muscle cells. These results clearly indicate that in vivo electro¬ 
poration is a much more effective means of introducing DNA into muscle than 
is simple intramuscular DNA injection (16). Recently, we also demonstrated 
that the muscle-targeted transfer of an erythropoietin expression plasmid into 
rats by in vivo electroporation produced significant elevations in serum eryth¬ 
ropoietin levels and increased hematocrits (17). 
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Fig. 1. Voltage dependence of the efficiency of gene transfer by electroporation in 
vivo. The bilateral tibialis anterior muscles were injected with 50 pg each of pCAGGS- 
interleukin-5 (IL-5) plasmid DNA. Electric pulses of the indicated voltages were de¬ 
livered to the DNA injection site. Solid bars indicate serum IL-5 levels 5 days after 
electroporation. Each value represents the mean IL-5 concentration from three mice. 


1.3. Parameters Affecting the Efficiency of Gene Transfer into 
Muscie by Eiectroporation 

Although one hypothesis suggests that electropores are created by electric 
pulses, few data describe the structural effects of electropermeabilization. The 
transmembrane potential difference at 200-250 mV is believed to lead to tran¬ 
sient permeabilization of the membrane, which results in the exchange of mol¬ 
ecules across the membrane. Conditions affecting the efficiency of gene 
transfer have been studied in detail for in vitro electroporation (18). Typically, 
DNA is mixed with cells suspended in phosphate-buffered saline (PBS) at 4°C 
or lower, and a single electric pulse lasting 20-100 ms at 200-700 V/cm is 
applied. Nonetheless, there have been no reports of systematic studies of the 
optimum conditions required for in vivo electroporation. However, square 
pulses are believed to be better than exponentially decaying pulses. 

We examined various conditions for in vivo electroporation in muscle. To 
optimize the voltage of the electric pulses used for electroporation in vivo, we 
compared the serum IL-5 levels of mice subjected to electroporation at various 
electrode voltages. In this experiment, the pulse length (50 ms), number of 
pulses (6), amount of DNA injected (50 pg/site), and DNA concentration (1.5 
pg/pL in saline), which could all affect the efficiency of gene transfer, were 
fixed. Immediately after DNA injection, electrode needles with a 5-mm gap 
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Fig. 2. Effects of different numbers of pulses (a), pulse lengths (b), and solution 
types (c) on the efficiency of gene transfer by electroporation. The bilateral tibialis 
anterior muscles were injected with 50 pg each of pCAGGS-IL-5 plasmid DNA at 1.5 
pg/pL in saline (a, b) or in other solution types as indicated (c). Electric pulses of 100 
V were delivered to the DNA injection sites. Serum samples were obtained 5 days 
after electroporation and measured for IL-5 by ELISA. Each value represents the mean 
IL-5 concentration from three mice. 


were inserted to encompass the DNA injection sites, and electric pulses were 
administered at different voltages. Five days later, serum IL-5 levels were mea¬ 
sured. As shown in Fig. 1, the serum IL-5 levels increased nearly proportion¬ 
ally with the voltage up to 100 V. However, administration of voltages higher 
than 100 V resulted in a marked decrease of the serum IL-5 levels, probably 
because of damage to the muscle cells. Optimal gene expression was achieved 
at 100 V, resulting in a serum IL-5 concentration of 25 ng/mL. The serum IL- 
5 concentration at 0 V was <0.1 ng/mL. Therefore, gene transfer by 
electroporation in vivo is more efficient than the traditional method of intra¬ 
muscular DNA injection by more than two orders of magnitude. 

We examined the effect of different pulse lengths, numbers of pulses, DNA 
concentrations, volumes of injection fluid, and solution types on the efficiency 
of gene transfer by electroporation. Some of these studies are shown in Fig. 2. 
The optimal conditions were as follows: pulse length, 50 ms; number of pulses, 
6; DNA concentration, >0.5 pg/mL; DNA amount, >50 pg/site; and solution 
type, PBS. In these experiments, electric pulses were applied to the muscle 
immediately after DNA injection. However, our study showed that electric 
pulses may be applied up to 30 min after DNA injection without affecting the 
efficiency of gene expression. It should be noted that the optimal conditions 
for in vivo electroporation will be very different if this method is applied to 
other animals. Optimizing these parameters should permit the efficiency of 
gene transfer in other species to be improved. 
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Fig. 3. Structure of the pCAGGS expression plasmid. Plasmid pCAGGS has the 
cytomegalovirus immediate early (CMV-IE) enhancer-chicken P-actin hybrid (CAG) 
promoter and a 3'-flanking sequence and a polyadenylation signal of the rabbit P- 
globin gene. 


We next examined whether the direction of the electric field relative to that 
of muscle fibers affects the efficiency of gene transfer. After intramuscular 
DNA injection, electric pulses of 60 V were delivered in either a longitudinal 
or a transverse direction relative to the muscle fibers. To fit the tibialis anterior 
muscles between a pair of electrodes, we used electrodes with a 3-mm gap. 
Five days later, serum IL-5 levels were measured to evaluate the efficiency of 
DNA transfer. There were no significant differences between electric fields 
that were applied longitudinally (31 ng/mL) or transversely (40 ng/mL) to the 
muscle fibers. Flowever, before this topic is closed, the following issues must 
be considered. Because muscle cells are oblong, the number of cells lying be¬ 
tween the electrodes is much larger in a transverse orientation than in a longi¬ 
tudinal orientation. Therefore, more cells should be transfected in a transverse 
orientation. Flowever, a higher voltage might be required for efficient 
electroporation in this orientation, since there are more cell membranes to be 
permeabilized between the electrodes. Further studies are required to deter¬ 
mine how the direction of the electric field affects the efficiency of gene trans¬ 
fer. Because the tibialis anterior muscles of mice are small and it is difficult to 
insert a pair of electrodes into them in a transverse orientation, electric pulses 
were delivered in a longitudinal direction in the other experiments. 

1.4. Expression Plasmid Used in Gene Transfer into Muscle 

We used the pCAGGS plasmid (19) as an expression vector (Fig. 3). This 
vector contains the CAG (cytomegalovirus immediate early enhancer-P-actin 
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Fig. 4. Time course of interleukin-5 (IL-5) expression after transfer of pCAGGS- 
IL-5 plasmid by electroporation in vivo. The bilateral tibialis anterior muscles were 
injected with pCAGGS-IL-5 plasmid DNA. Electric pulses of 100 V were delivered to 
the DNA injection sites. Serum samples were obtained on the indicated days after 
electroporation and measured for IL-5 by ELISA. Each value represents the mean IL- 
5 concentration from three mice. 

hybrid) promoter, which is especially active in muscle. Other expression plas¬ 
mids may be used if their promoter is very active in muscle cells, e.g., the 
VR1255 vector developed by Norman et al. (10) for muscle-targeted expres¬ 
sion contains the cytomegalovirus (CMV) promoter, enhancer, intron, as well 
as the kanamycin resistance gene. 

For gene therapy, it is sometimes desirable to regulate the expression of 
foreign genes introduced by in vivo electroporation. This may be attained by 
using a tetracycline (Tet)-inducible gene expression system, in which two 
expression units are required: one to express a Tet-regulatable chimeric 
transactivator and the other to express the gene of interest under the promoter 
regulated by the transactivator (20). Recently, it was reported that pharmaco¬ 
logic regulation through the Tet-inducible system allows the regulation of 
serum erythropoietin and hematocrit levels (21). This method is expected to 
provide a potentially safe and low-cost treatment for serum protein deficien¬ 
cies. 

1.5. Duration of Expression 

The time course of gene expression by electroporation in vivo was deter¬ 
mined by following the serum IL-5 levels after electroporation at 100 V. As 
shown in Fig. 4, the serum IL-5 levels reached a maximum 5-7 days after 
electroporation and gradually decreased thereafter, followed by a decrease to 
approximately 10% of the peak value by 3 weeks after electroporation. We 
also examined the duration of expression when a rat erythropoietin expression 
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plasmid was introduced into the thigh muscle of rats by in vivo electroporation. 
The serum erythropoietin levels reached a maximum 7 days after electro¬ 
poration and gradually decreased thereafter. However, the erythropoietin lev¬ 
els were still approximately 30% of their peak value 1 month after 
electroporation. At present, we do not know the reason for this difference in 
the duration of expression between IL-5 and erythropoietin. It cannot be 
explained by the species difference between rats and mice, because other 
groups have reported long-term expression of luciferase in mouse muscle after 
DNA transfer by electroporation (22). Alternatively, local inflammation possi¬ 
bly caused by IL-5 expression might have reduced the duration of expression. 

Recently, Vicat et al. (23) showed that electroporation with high-voltage 
and short-pulse (900 V/100 ps) currents provides high-level and long-lasting 
gene expression in muscle. It will be necessary to study the relation between 
the conditions for in vivo electroporation and the time course of gene expres¬ 
sion in detail. 

1.6. Advantages of In Vivo Electroporation 

Gene transfer by electroporation, which uses plasmid DNA as the vector, 
has several advantages over transfer using viral vectors. A large quantity of 
highly purified plasmid DNA is easily and inexpensively obtained. Gene trans¬ 
fer can be repeated without apparent immunologic responses to the DNA vec¬ 
tor. Although the gene expression is usually transient, there is less likelihood 
of recombination events with the cellular genome, eliminating the risk of inser- 
tional mutagenesis that is associated with the use of viral vectors. Since there 
are fewer size constraints than with current viral vectors, plasmid vectors can 
carry larger genes. It may also be possible to transfer a mixture of two or more 
different plasmid constructs into muscle by electroporation. Finally, new DNA 
plasmid constructs can be rapidly made and tested. Furthermore, gene transfer 
by electroporation also has advantages over other methods of gene transfer 
using nonviral vectors. Intramuscular electrotransfer strongly decreases the 
interindividual variability in expression usually observed after plasmid DNA 
injection into muscle (22). Moreover, plasmid DNA can be readily used with¬ 
out any modification, such as conjugation with liposomes. 

1.7. Possible Application of In Vivo Electroporation 

Electroporation-mediated gene transfer has been used effectively in the 
muscles of mouse, rat, rabbit, and monkey (22), and it has been applied to gene 
transfer into cardiac muscle (24). Thus, this method should have broad appli¬ 
cations in physiologic and pharmacologic studies using experimental animals. 
It is likely that further improvement of this method will provide a new approach 
to efficient DNA vaccination and gene therapy for human diseases. Among the 
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potentially treatable human diseases are various autoimmune diseases, chronic 
inflammatory disorders, infections, malignancies, and acquired or inherited 
serum protein deficiencies. This method may also be applied to the constitu¬ 
tive overexpression of vascular endothelial growth factor (VEGF) or hepato- 
cyte growth factor (HGF) to induce therapeutic angiogenesis in patients with 
critical limb ischemia. 

2. Materials 

2. 1. Experimental Animals 

1. Mice: We used 8-week-old female C57BL/6J mice purchased from CLEA Japan 
(Osaka, Japan). Mice of other ages or strains or rats may be treated similarly. 

2. Anesthetic: 50 mg/mL pentobarbital sodium solution (Nembutal; Abbott Lab., 
North Chicago, IL) was diluted to 6 mg/mL with a diluent containing 40% (v/v) 
propylene glycol and 10.5% (v/v) ethanol. 

2.2. Plasmid DNA 

The plasmid vector must include an expression unit that is active in striated 
muscles. We have successfully used the pCAGGS vector (Fig. 3) (19) (see 
Subheading 1.4.). To assess the efficiency of gene transfer, the following two 
constructs were convenient: pCAGGS-IL-5 (8) andpCAGGS-lacZ (16), which 
were constructed by inserting mouse IL-5 cDNA and the E. coli lacZ gene, 
respectively, into the unique AcoRI site between the CAG promoter and a 3'- 
fianking sequence of the rabbit (3-globin gene of pCAGGS. These plasmid vec¬ 
tors can be provided by J. M. upon request. 

The pCAGGS plasmid is based on pUC13, a high-copy-number plasmid, 
and is easily grown in E. coli HB101 or other strains. Plasmid DNA is extracted 
by the alkaline lysis method and purified by two cycles of ethidium bromide- 
CsCl equilibrium density gradient ultracentrifugation (see Note 2). Plasmid 
DNA is further purified by isopropanol precipitation, phenol and phenol/chlo¬ 
roform extraction, and ethanol precipitation. DNA is dissolved in pure water, 
and its quantity and quality are assessed by optical density at 260 and 280 nm. 
Prior to injection, DNA is diluted to its final concentration, 1-1.5 pg/pF in 
PBS (137 mMNaCl, 2.68 mMKCl, 8.1 mMNa 2 HP 04 , 1.47 mMKH 2 P 04 , pH 
7.4). Because the salt concentration seems to affect the efficiency of gene trans¬ 
fer, the final DNA solution is made by adding 1 vol of 1 Ox PBS to 9 vol of 
DNA solution diluted with water. 

2.3. Intramuscular DNA Injection and Electroporation 

1. Insulin syringe with a 27-gage needle. 

2. Electrodes consisting of a pair of stainless steel needles, 5 mm in length and 0.4 
mm in diameter, fixed with a distance (gap) between them of 5 mm (Fig. 5). 
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Fig. 5. Appearance of electrodes consisting of a pair of stainless steel needles, 5 
mm in length and 0.4 mm in diameter, fixed with a distance (gap) between them of 3 
mm (top) or 5 mm (bottom). 

These electrodes can be obtained from TR Tec (Tokyo, Japan; Fax: +81-3-3944- 
6196). 

3. Electric pulse generator (Electro Square Porator T820; BTX, San Diego, CA) 
connected to a switch box (MBX-4; BTX), which can produce square waves, i.e., 
the voltage remains constant during the pulse duration. Electric pulses can be 
monitored by a graphic pulse analyzer (BTX400; BTX). 

2.4. Assessment of the Efficiency of Gene Transfer 

1. CsCl-purified preparations of pCAGGS-IL-5 and pCAGGS-lacZ plasmid DNA 
at a concentration of 1.5 |Ug/|aL in PBS. 

2. Murine IL-5 ELISA kit (Endogen, Woburn, MA). 

3. 4% paraformaldehyde in PBS. 

4. 40 mM X-gal (5-bromo-4-chloro-3-indolyl-P-D-galactopyranoside) in dimethyl- 
sulfoxide (DMSO). This is diluted to 1 mM in PBS before use for staining. 

5. O.C.T. compound (Miles, Elkhart, IE). 

6. Dry ice-acetone. 

7. Cryostat. 

8. Slide glasses coated with 3-aminopropyltriethoxysilane (Sigma, St. Louis, MO). 

9. 1.5% glutaraldehyde in PBS. 

10. Eosin. 

3. Methods 

In the following section, we describe the method of gene transfer into tibi¬ 
alis anterior muscles of adult mice by in vivo electroporation. It will be neces¬ 
sary to modify this method to use it in other muscles or other species. 
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Fig. 6. Insertion of electrodes. A pair of electrode needles are inserted into the 
right tibialis anterior muscle to a depth of 5 mm to encompass the DNA injection sites. 

3.1. Intramuscular DNA Injection 

1. Anesthetize mice by intraperitoneal injection of 0.1 mL/g body weight of 6 mg/ 
mL pentobarbital sodium solution. 

2. Inject the tibialis anterior muscles with 50 |ag of purified closed circular plasmid 
DNA at 1.5 jag/liL in PBS using an insulin syringe with a 27-gage needle {see 
Notes 3 and 4). 

3.2. Electroporation In Vivo 

1. Insert a pair of electrode needles into the muscle to a depth of 5 mm to encompass 
the DNA injection sites (Fig. 6) {see Note 5). Push on the chamber resistance 
switch and monitor the resistance value. If the value is 1-2 kQ, it shows that the 
electrodes are correctly inserted into the muscle. Otherwise, change the insertion 
site of the electrodes. 

2. Deliver three 50-msec-long electric pulses using an electric pulse generator {see 
Note 6) followed by three more pulses of the opposite polarity to each injection 
site at a rate of 1 pulse/s. The shape of the pulses can be monitored using a graphic 
pulse analyzer. 
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Fig. 7. Histochemical staining for P-galactosidase activity in the muscle after gene 
transfer of pCAGGS-lacZ DNA with electropulsation. The tibialis anterior muscle 
was injected with 50 pg of pCAGGS-lacZ plasmid DNA and treated with electric 
pulses of 100 V. Five days later, the muscle was excised. Transverse sections of the 
muscle sample were stained for P-galactosidase activity and counterstained with eosin 
(original magnification, x40). 

3.3. Assessment of the Efficiency of Gene Transfer 

Before introducing the gene of interest by electroporation, it is important to 
test the effectiveness of the experimental procedures using a positive control. 
This may be done using a plasmid that expresses some cytokine, e.g., IL-5, or 
P-galactosidase (see Note 7). 

3.3.1. IL-5 Expression 

1. Inject the bilateral tibialis anterior muscles of anesthetized mice with 50 pg each 
of pCAGGS-IL-5 plasmid DNA at a concentration of 1.5 pg/pL in PBS, and de¬ 
liver electric pulses at 100 V, as described in Subheading 3.2. 

2. Five days after injection, obtain serum samples from the tail vein of the mice. 

3. Assay the serum samples for IL-5 using an ELISA kit (Endogen), according to 
the supplier’s instractions. 

3.3.2. ^-Galactosidase Expression 

1. Inject the bilateral tibialis anterior muscles of anesthetized mice with 50 pg each 
of pCAGGS-lacZ plasmid DNA at a concentration of 1.5 pg/pL in PBS, and 
deliver electric pulses at 100 V as described in Subheading 3.2. 
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2. Four or 5 days after injection, sacrifice the mice by cervical dislocation. 

3. Fix the tibialis anterior muscles in cold 4% paraformaldehyde in PBS for 3 h, and 
then wash in PBS for 1 h. 

4. To detect E. coli P-galactosidase activity in whole muscle, stain the muscle 
sample at 37°C for 18 h in the presence of 1 mMX-gal. Otherwise, go to step 5. 

5. For transverse sections, embed the muscle in O.C.T. compound and freeze in dry 
ice-acetone. 

6. Slice serial sections (15-jim thick) with a cryostat and place on slide glasses 
coated with 3-aminopropyltriethoxysilane. 

7. Fix the slices in 1.5% glutaraldehyde for 10 min at room temperature, then wash 
three times in PBS. 

8. Incubate the samples at 37°C for 3 h in the presence of 1 mMX-gal. 

9. Counterstain the muscle sections with eosin. 

10. Observe the sections with a microscope for X-gal staining (Fig. 7). 

4. Notes 

1. Prior to the in vivo experiment, the DNA construct should be tested for transgene 
expression in vitro using a myoblast cell line, such as C2C12, which can be trans¬ 
fected easily by the lipofection method. 

2. The plasmid DNA preparation should be pure. Contaminating impurities may 
cause local immunologic reactions, which may lead to early loss of gene expres¬ 
sion or affect the experimental results. Two cycles of ethidium bromide-CsCl equi¬ 
librium density gradient ultracentrifugation are recommended. 

3. Prior to the actual experiments, we recommend that you confirm that you can 
reproducibly inject the tibialis anterior muscles of anesthetized mice using some 
kind of dye. 

4. The tibialis anterior muscle is relatively small, and the maximal volume of DNA 
solution that can be injected into it is <50 juL. 

5. Other types of electrodes may be used: external plate-type electrodes have been 
successfully used in our laboratory (unpublished data). 

6. We have used needle-type electrodes fixed with a distance (gap) of 5 mm. This 
distance should be altered to take into account the size of target muscle. The elec¬ 
tric field strength (voltage/distance), but not the voltage itself, is assumed to be 
directly related to the efficiency of electropermeabilization. Therefore, if the elec¬ 
trodes have a gap of 10 mm instead of 5 mm, the voltage of the electric pulses 
must be doubled to obtain the same strength of electric field. However, higher 
voltages may cause very high local current around the electrodes, which may lead 
to irreversible damage to muscle and other tissues. 

7. It was reported that X-gal histochemistry following gene transfer of constructs 
encoding lacZ may underestimate the anatomic extent of gene expression (25). 
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Preparation and Use 
Yasufumi Kaneda 


1. Introduction 

With the aim of developing sueeessful human gene therapy, numerous viral 
and nonviral (synthetie) methods of gene transfer have been developed ( 1 , 2 ), 
each method having limitations as well as advantages. To develop in vivo gene 
transfer vectors with high efficiency and low toxicity, several groups have at¬ 
tempted to overcome the limitations of one vector by combining them with the 
strengths of another. 

1.1. Development of HVJ-Liposomes 

Our basic concept is the construction of novel, hybrid-type liposomes with 
functional molecules inserted into them ( 3 , 4 ). Based on this concept, DNA- 
loaded liposomes were fused with ultraviolet (UV)-inactivated hemagglutinat- 
ing virus of Japan (HVJ; Sendai virus) to form HVJ liposomes (approximately 
400-500 nm in diameter). These viral liposomes bind to cell surface sialic acid 
receptors and fuse with the cell membrane to introduce DNA directly into the 
cytoplasm without degradation (Fig. 1). The HVJ-liposomes can encapsulate 
DNA smaller than 100 kb. RNA, oligodeoxynucleotides, proteins, and drugs 
can also be enclosed and delivered to cells. HVJ liposomes are useful for in 
vivo gene transfer ( 5 ). When HVJ-liposomes containing the LacZ gene were 
injected directly into one rat liver lobe, approximately 70% of cells expressed 
LacZ gene activity, and no pathologic hepatic changes were observed ( 6 ). One 
advantage of HVJ liposomes is allowance for repeated injections. Gene trans- 
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HVJ-liposomes 



Fig. 1. Gene transfer by HVJ liposomes. HVJ liposomes bind to eell surface sialic 
acid receptors and associate with lipids in the lipid bilayer to induce cell fusion. By the 
fusion of the envelope of HVJ liposomes with cell membrane, DNA in the HVJ lipo¬ 
somes can be introduced directly into the cytoplasm. 


fer to rat liver cells was not inhibited by repeated injections. After repeated 
injections, anti-HVJ antibody generated in the rat was not sufficient to neutral¬ 
ize HVJ liposomes. Cytotoxic T-cells recognizing HVJ were not detected in 
rats transfected repeatedly with HVJ liposomes ( 6 ). 

1.2. Improvements in HVJ-Liposomes 

The HVJ-liposome gene delivery system has several advantages, but 
improvement has been needed before use in humans. To increase the efficiency 
of gene delivery, we investigated the lipid components of liposomes ( 7 ). Our 
conclusions were threefold: the most efficient gene expression occurred with a 
phosphatidylcholine, phosphatidylethanolamine, and sphingomyelin molar ra¬ 
tio of 1:1:1; anionic HVJ liposomes should be prepared using phosphatidyl- 
serine (PS) as the anionic lipid; and the ratio of phospholipids to cholesterol 
should be 1:1. Accordingly, we developed new anionic liposomes called HVJ 
artificial viral envelope (AVE) liposomes. The lipid components of AVE lipo¬ 
somes are very similar to the HIV envelope and mimic the red blood cell mem¬ 
brane ( 8 ). HVJ-AVE liposomes have yielded gene expression in liver and 
muscle 5-10 times higher than that observed with conventional HVJ liposomes 
( 7 ). As shown in Fig. 2, HVJ-AVE liposomes were the most effective for gene 
transfer to mouse skeletal muscle in various nonviral gene transfer methods. 
HVJ-AVE liposomes were also very effective for gene delivery to isolated rat 
heart via the coronary artery. EacZ gene expression was observed in the entire 
heart, whereas expression was not observed with empty HVJ-AVE liposomes 
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Fig. 2. Luciferase gene was introduced into mouse skeletal muscle using various 
nonviral gene delivery systems including HVJ-AVE liposome, conventional HVJ- 
liposome, Lipofectamine® (Gibco, BRL), and naked DNA. Luciferase activity in the 
muscle (n = 4) was assayed on day 7 after gene transfer. Mean values and standard 
deviations are shown. RLV, relative light units. 

( 9 ). The safety of HVJ liposomes has been tested and evaluated in monkeys. 
There were no significant pathologic signs after injection of HVJ liposomes 
into skeletal muscle or the saphenous vein of cynomolgus monkeys. Messen¬ 
ger RNAs for fusion proteins of HVJ were not detected in monkey tissues after 
the injection. 

Another improvement was construction of cationic-type HVJ liposomes 
using cationic lipids. Of the cationic lipids, positively charged 3(3-(N-[N',N'- 
dimethylaminoethanej-carbamoyl) cholesterol hydroxide (DC) ( 10 ) has been 
the most efficient for gene transfer. For luciferase expression, HVJ-cationic 
DC liposomes were 100 times more efficient than conventional HVJ-anionic 
liposomes ( 7 ). Although it has been very difficult to transfer genes to bone 
marrow and spleen cells using conventional HVJ liposomes, HVJ-cationic lipo¬ 
somes have been shown to be effective for gene transfer to both types of cells. 
However, when introduced into mouse muscle or liver, total luciferase expres¬ 
sion after transfection with HVJ-cationic liposomes was shown to be 10-150 
times lower than that with conventional anionic HVJ liposomes ( 7 ), which were 
less efficient for in vitro transfection. AVE liposomes were modified further to 
create AVE-l-DClO (containing 10% PS and 10% DC), AVE-I-DC20 (contain¬ 
ing 10% PS and 20% DC), and AVE-PS (containing neither PS nor DC) lipo¬ 


somes. 


We examined in vivo gene transfection efficiency with these liposomes after 
conjugation with the HVJ envelope. AVE yielded the highest luciferase 
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Fig. 3. Luciferase gene was transferred to mouse tumor masses (« = 5; melanoma 
and colon cancer) using HVJ-DC liposomes (cationic) or HVJ-AVE liposomes (an¬ 
ionic), and luciferase gene expression was analyzed on day 1 after the transfer. Mean 
values and standard deviations are shown. RLV, relative light units. 

expression in liver. AVE-PS and AVE+DCIO liposomes, which have a net 
neutral charge, showed intermediate luciferase activities. AVE+DC20 lipo¬ 
somes, which have an excessive amount of cationic lipid, yielded luciferase 
activities similar to those of HVJ-DC liposomes. However, we recently found 
HVJ-cationic liposomes to be more effective in some cases for in vivo gene 
transfer. High expression of the EacZ gene was obtained in restricted regions 
of chick embryos after injection of HVJ-cationic liposomes ( 11 ), whereas HVJ- 
anionic liposomes were ineffective. In addition, when HVJ-cationic liposomes 
containing the EacZ gene were administered to rat lung with a jet nebulizer, 
more efficient gene expression in the epithelium of the trachea and bronchus 
was observed compared with that found with HVJ-anionic liposomes ( 12 ). 
HVJ-cationic liposomes were also much more effective for gene transfer to 
tumor masses (Fig. 3) or disseminated cancers ( 3 , 13 ) in an animal model com¬ 
pared with HVJ-AVE liposomes. 

Therefore, HVJ-anionic and -cationic liposomes can complement each other, 
and each liposome should be used for proper targeting. 

Methods to prepare HVJ-anionic and -cationic liposomes as well as applica¬ 
tions to gene transfer both in vitro and in vivo are described below. 

2. Materials 

2. 1. Preparation of HVJ 

1. Seed of HVJ: 100-pL aliquots of the chorioallantoic fluid containing HVJ (Z 
strain) in 10% dimethylsulfoxide, stored in liquid nitrogen. 
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2. Polypeptone solution: 1% polypeptone, 0.2% NaCl, pH 7.2) and balanced salt 
solution (BSS); 137 mMNaCl, 5.4 mMKCl, 10 mMTris-HCl, pH7.6), sterilized 
by autoclaving and stored at 4°C. 

3. Embryonated chick eggs: 10-14 days after fertilization. 

4. Incubater: Temperature and moisture set at 36.5°C and at 30-40%, respectively. 

5. Centrifuge tubes including 50-mL conical tubes (Becton-Dickinson, Lincoln 
Park, NJ), 35-mL centrifuge tubes (Beckman, Tokyo, Japan) and 10-mL ultra¬ 
centrifuge tubes (Hitachi, Tokyo, Japan) sterilized. 

6. Photometer (Spectrophotometer DU-68; Beckman). 

7. Low-speed centrifuge (05PR-22; Hitachi, Tokyo, Japan). 

8. Centrifuge with JA-20 rotor (J2-HS; Beckman). 

2.2. Preparation of Lipid Mixtures 

1. Chromatographically pure bovine brain phosphatidylserine-sodium salt (PS) (cat. 
no. 83032L; Avanti Polar Lipids, Birmingham, AL), dioleoyl-L-a-phosphatidyle- 
thanolamine (DOPE; P-5078; Sigma, St. Louis, MO), sphingomyelin (Sph) (S- 
0756; Sigma), egg yolk phosphatidylcholine (PC; P-2772; Sigma), DC (C2832; 
Sigma), and cholesterol (Choi; C-8667; Sigma), stored at -20°C. 

2. Glass tubes (24-mm caliber and 12 cm long), custom-made (Fujiston 24/40; Iwaki 
Glass, Tokyo, Japan). Immerse the fresh tubes in saturated KOH-ethanol (180 g 
KOH in 500 mL ethanol) solution for 24 h, rinse with distilled water, and heat at 
180°C for 2 h before use. 

3. Rotary evaporator with water bath (type SR-650; Tokyo Rikakikai Tokyo, 
Japan). 

4. Vacuum pump with pressure gage (type Asp-13; Iwaki Glass). 

2.3. Preparation of HVJ Liposomes 

1. Plasmid DNAs, purified by a column procedure (Qiagen, Germany). Dissolve 
the preparations in BSS; the final concentration of DNA should be >1 mg/mL, 
and should be stored at -20°C. 

2. Cellulose acetate membrane filters (0.45 pm, [cat. no. 2053-025] and 0.20 pm 
[cat. no. 2052-025]; Iwaki Glass), used for sizing liposomes. 

3. BSS and 30% (w/v) sucrose in BSS, sterilized by autoclaving and stored at 4°C. 

4. Water bath (Thermominder Jr 80; TAITEC, Saitama, Japan) for preparing lipo¬ 
somes. 

5. Water bath shaker (Thermominder; TAITEC) for fusing liposomes with HVJ. 

6. Ultracentrifuge with an RPS-40T rotor (55P-72, Hitachi) for purifying HVJ lipo¬ 
somes. 

7. Ultraviolet crosslinker (Spectrolinker XL-1000, Spectronics) for inactivating 
HVJ. 

3. Methods 

A flow chart for the preparation of HVJ liposomes is shown in Fig. 4. 
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Fig. 4. Flow chart for the preparation of HVJ liposomes. 


3.1. Preparation of HVJ in Eggs 

1. Thaw the seed quickly and dilute to 1000 times with polypeptone solution. Keep 
the diluted seed at 4°C before proceeding to the next step. 

2. Observe embryonated eggs under illumination in a dark room, and mark an injec¬ 
tion point at about 0.5 mm above the chrioallantoic membrane. Dissenfect the 
eggs with tincture of iodine and puncture at the point marked. 

3. Infect the diluted seed (0.1 mL) into each egg using a 1-mL disposable syringe 
with a 26-gage needle. Insert the needle vertically so as to stab the chorioallan¬ 
toic membrane. 

4. After inoculation of the seed, cover the hole in the egg with melted paraffin. 
Then incubate the eggs for 3 days at 36.5°C in 30-40% moisture. 

5. Chill the eggs at 4°C for >6 h before harvesting the virus. 

6. Partially remove the egg shell and remove the chorioallantoic fluid to an auto¬ 
claved bottle using a 10-mL syringe with an 18-gage needle. The virus in the 
fluid stored at 4°C is stable at least for 3 months. 

Steps 2, 3 and 6 can be carried out at room temperature. 

3.2. Purification of HVJ from Chorioaiiantoic Fiuid 

1. Transfer 200 mL of the chorioallantoic fluid into four 50-mL disposable conical 
tubes, rotate at lOOOg for 10 min at 4°C in a low-speed centrifuge. 

2. Then aliquot the supernatant into six tubes (JS-20; Beckman) and centrifuge at 
27,000g for 30 min at 4°C. 

3. Add about 5 mL of BSS to the pellet in one of the tubes, and keep the materials at 
4°C overnight. 
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4. Gently suspend the pellets, collect in two tubes, and centrifuge as described in 
step 2. Keep the resultant pellet in each tube at 4°C in 5 mL of BSS for more than 
8h. 

5. Gently suspend the pellets and rotate at lOOOg in a low-speed centrifuge. 

6. Remove the supernatant to an aseptic tube and store at 4°C. 

7. Indicate virus titer by measuring the absorbance at 540 nm of the lOx diluted 
supernatant using a photometer. An optical density at 540 nm corresponds to 
15,000 hemagglutinating units (HAU), which correlates well with fusion activ¬ 
ity. The supernatant prepared as above usually shows 20,000-30,000 HAU/mL. 
An aseptically prepared virus solution maintains the fusion activity for 3 weeks. 

3.3. Preparation of Lipid Mixture 

1. Dissolve dry reagents of DOPE (12.2 mg), Sph (11.8 mg), and Choi (24.0 mg) in 
3870 joL of chloroform. Add 130 |UL of PC (13.0 mg) chloroform solution to the 
3870-|uL lipid solution {see Note 1). This 4000-pL lipid solution is called a basal 
mixture for liposomes. The basal mixture is ready for preparation of the anionic 
or cationic liposomes described below, or it can be stored at -20°C after infusing 
nitrogen gas. 

2. To prepare the anionic lipid mixture, add 10 mg of PS to the basal mixture. To 
obtain the cationic lipid mixture, add 6 mg of DC to the mixture. 

3. Aliquot the lipid solution of 0.5 mL into eight glass tubes. Keep the tubes on ice 
or -20°C in nitrogen gas before evaporation. Evaporate the lipid solution as soon 
as possible. 

4. Connect the tube to a rotary evaporator. Immerse the tube in a water bath at the 
tip, and set the water bath at a temperature of 40°C. 

5. Evaporate the organic solvent in a rotary evaporator in a vacuum. The usual dry¬ 
ing period is about 5-10 min. Lipids appropriate for liposome preparation are 
those that have stuck inside the tube in a thin layer. Those that have accumulated 
at the bottom of the tubes are inappropriate {see Note 2). 

3.4. Preparation of HVJ Liposomes Containing DNA 

1. Add plasmid DNA (200 |lg) in 200 pL BSS to a lipid mixture in the glass tube 
prepared as above and agitate intensely by vortexing for 30 s followed by incuba¬ 
tion at 37°C for 30 s. Repeat this cycle eight times. By this method, plasmid DNA 
is enclosed at a ratio of 10-30% in anionic liposomes or 50-60% in cationic 
liposomes. 

2. For preparation of sized unilamellar liposomes, filter the liposome suspension 
with 0.45-|am pore size cellulose acetate filter and then with 0.2-|am filter. Sizing 
by an extruder with polycarobanate filters is better for preparing sized liposomes. 

3. In the meantime, inactivate the HVJ virus and keep on ice {see Note 3). Add 
15,000 HAU of the HVJ virus to the liposome suspension and leave the tube on 
ice for 5-10 min {see Note 4). Then incubate sample at 37°C for 1 h with shaking 
(120/min) in a water bath. 

4. Add 7 mL 30% sucrose solution to a centrifuge tube and overlay the HVJ lipo- 
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some mixture on it. Separate the HVJ-liposome complexes from the free HVJ by 
sucrose gradient density centrifugation at 62,000g for 90 min at 4°C. 

5. Stop the centrifuge and gently remove only the conjugated liposomes. The final 
volume of the HVJ-liposome suspension should be approximately 1 mL. 

6. Only in the case of HVJ-anionic liposomes, after centrifugation, collect the com¬ 
plexes, add 4 vol of chilled BSS, spin at 27,000g for 30 min, and suspend the 
pellet in 0.5-1.0 mL of appropriate buffer {see Note 5). 

3.5. Applications 

3.5.1. Transfer of DNA into Cultured Cells 

1. HVJ-cationic liposomes should be used for in vitro gene transfer because HVJ- 
cationic liposomes are approximately 100 times more efficient in gene transfer to 
cultured cells than HVJ-anionic liposomes (7). Add 10 pL of 1-mL HVJ-cationic 
liposome suspension to 10^ cells in serum-containing culture medium (14). 

2. Incubate the cells with the liposomes at 37°C for 2 h. Then change to fresh me¬ 
dium and continue the culture {see Note 6). 

3.5.2. Gene Transfer In Vivo by HVJ Liposomes 

1. For gene transfer to tissues, HVJ-anionic liposomes are recommended. The lipo¬ 
somes are useful for gene transfer to liver, skeletal muscle, heart, lung, artery, 
brain, spleen, eye, and joint space of rodent, rabbit, dog, lamb, and monkey. For 
example, to introduce DNA into rat liver, inject 2-3 mL of HVJ-anionic lipo¬ 
somes into the portal vein using a 5-mL syringe with a butterfly-shaped needle 
(15,16) or directly into the liver under the perisplanchnic membrane using a 5- 
mL syringe with a 27-gage needle (17,18). For gene transfer into rat kidney, 
inject 1 mL of anionic HVJ-liposome suspension into the renal artery (19,20). 
For gene transfer to rat carotid artery, fill a lumen of a segment of the artery with 
0.5 mL anionic HVJ-liposome complex for 20 min at room temperature using a 
cannula (21). 

2. For gene transfer to tumor masses or disseminated tumors, direct injection of 
cationic HVJ liposomes (0.1-0.5 mL) is recommended. 

4. Notes 

1. Lipid vials should be left at room temperature for about 30 min before opening the 
lids. Many lipids are highly hygroscopic. 

2. The lipid mixture in the glass tube can be stored at -20°C in nitrogen gas for 1 
month, after evaporation. 

3. UV-inactivated HVJ can be stored for >6 months in 10% DMSO at -80°C. Do not 
store it at 4°C for more than 1 day. 

4. Reconstituted fusion liposomes can be prepared using isolated fusion proteins 
derived from HVJ instead of inactivated whole viral particles (23). 
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5. HVJ liposomes can be stored for 3 weeks at 4°C and for more than 3 months with 
10% DMSO at the final concentration in a freezer (below -20°C). 

6. Gene transfer efficiency of HVJ liposomes is greatly affected by the fusion activ¬ 
ity of the HVJ envelope. The hemagglutinating ability should be frequently 
checked by hemagglutination of chick red blood cells (22). 
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LPD Nanoparticles—Novel Nonviral Vector 
for Efficient Gene Delivery 

Yadi Tan, Mark Whitmore, Song Li, Peter Frederik, 
and Leaf Huang 


1. Introduction 

1.1. Composition 

Liposome-Polycation-DNA (LPD) nanoparticles is a novel nonviral vector 
developed in our laboratory for efficient systemic gene delivery. Currently 
there are two LPD formulations in use, differing in cationic liposome composi¬ 
tion. One is composed of cationic lipid dipleoyl-trimethylammonium propane 
(DOTAP) and cholesterol at molar ratio of 1:1. The other is composed of cat¬ 
ionic lipid 3B(N-(N', N'-dimethylaminoethane) carbamoyl) chol esterol (DC- 
Chol) and neutral lipid dipleoylphosphatidylethanolamine (DOPE) at a molar 
ratio of 6:4. The polycation component is added for the condensation of plas¬ 
mid DNA. Polylysine first was used ( 1 ), and later it was changed to protamine 
sulfate for improved activity ( 2 ). The optimal composition for DOTAP/choles- 
terol LPD is 1200 nmol DOTAP/1200 nmol cholesterol/60 pg protamine sul¬ 
fate/100 pg plasmid DNA, which has a charge ratio of 4:1 (+:-) between 
DOTAP and DNA and a 1/1 charge ratio between protamine and DNA. The 
optimal composition for DC-Chol/DOPE EPD is 60 nmol total lipids (36 nmol 
DC-Chol and 24 nmol DOPE)/80 pg protamine/100 pg plasmid DNA. 

1.2. Preparation, Physicai Property, and Storage 

The EPD nanoparticles are prepared by adding an equal volume of DNA 
solution to an aqueous mixture of cationic liposome and protamine sulfate in a 
dropwise maimer. The resulting tertiary complex contains a highly condensed 
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Fig. 1. Cryoelectron micrograph of LPD. Scale bar = 100 nm. 


DNA core surrounded by lipid bilayers (Fig. 1). LPD nanoparticles range from 
30-200 nm in diameter, with an average of about 100 nm. It can be stored as 
solution at 4°C for at least 4 weeks without losing activity. Alternatively, it can 
be stored for more than a year at room temperature as a lyophilized powder and 
is fully active after reconstitution ( 3 ). 

1.3. Biologic Activity 

When DOTAP/cholesterol LPD containing a marker gene is injected from 
the tail vein of a mouse, transgene expression is found within 2 h in all major 
organs except the brain. The highest transgene activity is found in the lung 
(Fig. 2), predominantly in the pulmonary endothelial cells ( 4 ). Transgene 
expression is also found in metastatic tumor cells in the lung ( 5 ). The transgene 
expression peaks at about 8-24 h after injection and gradually declines to lower 
levels within 48-72 h. 

When a tumor suppressor gene (Rb) was delivered with LPD nanoparticles, 
it was observed that metastatic tumor cells in the lung underwent spontaneous 
apoptosis. This led to a significant reduction in the percentage of mice with 
lung metastasis after LPD-Rb gene but not LPD-control gene treatment ( 5 ). 

DC-Chol/DOPE LPD has been optimized for brain gene transfer by intrac¬ 
ranial injection. A high level of transgene expression in the brain was detected 
for more than 10 months in rodents and at least at 1 month in primates. Two 




LPD Nanoparticles 


75 



Heart 

Lung 

Liver 

Spleen 

Kidney 


Hours following injection 


Fig. 2. Time-course of transgene expression following intravenous injection of 
LPD. 


children with Canavan’s disease were given intraventricular administration of 
DC-Chol/DOPE LPD carrying the ASPA gene, and both showed clinical im¬ 
provements ( 6 ). 

1.4. Toxicity 

Intracranial injection of LPD has been shown to be safe in animals and in 
human patients without any noticeable side effects ( 6 ). However, systemic 
administration of LPD or liposome-plasmid DNA complex can trigger a 
proinflammatory cytokine response, which is dose dependent ( 7 ). Although 
the induction of cytokines (tumor necrosis factor-a [TNL-a], interleukin-12 
[IL-12], IL-6, interferon-y [ILN-y], etc.) may be beneficial for the treatment of 
tumors ( 8 , 9 ), these cytokines are toxic to the injected animals at high doses. 
Furthermore, these cytokines inhibit transgene expression ( 7 , 10 ). Recent stud¬ 
ies have revealed that the induction of proinflammatory cytokine is largely due 
to the unmethylated CpG dinucleotides that are present in the bacterial plasmid 
DNA ( 7 ). Ways to overcome this problem include modification of plasmid 
DNA to reduce the number of CpG motifs ( 11 ), use of a polymerase chain 
reaction (PCR) fragment instead of the intact plasmid ( 12 ), and the use of a 
general immunosuppressant such as dexamethasone ( 10 ). 
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2. Materials 

2. 1. Preparation of LPD Complex 

1. 50-mL polypropylene conical tube. 

2. 1.5-mL Eppendorf tube. 

3. Dextrose (Sigma). 

4. Sterile water (autoclaved and 0.2-|am-pore sterile-fdtered) 

5. Cationic liposomes, prepared as described in the protocol (see Subheading 3.2). 

a. 10 mg/mL (14.3 mM) DOTAP/Chol liposome 

b. 2 mM DC-Chol/DOPE liposome (see Note 2). 

6. 1 mg/mL plasmid DNA in sterile water (see Note 3). 

7. 10 mg/mL protamine sulfate USP (Elkins-Sinn, Cherry Hill, NJ). 

8. 5X Dextrose (26.0% [w/v]), 100 mL. Dissolve 13 g dextrose in approximately 
40 mL sterile water, and then bring to 50 mL with sterile water. Sterile filter the 
solution through a 0.2 |am membrane and store at room temperature for up to 
1 year. 

2.2. Liposome Preparation by Thin-Film Hydration followed 
by Extrusion 

1. N 2 gas tank. 

2. Vacuum dessicator. 

3. Bath sonicator. 

4. 30.0-mL Corex glass centrifuge tube (or any clean glass tube). 

5. Sterile water. 

6. 25.0 mg/mL DOTAP stock solution in chloroform (Avanti Polar Lipids, Alabas¬ 
ter, AL). 

7. 20.0 mg/mL cholesterol stock solution in chloroform. 

8. 2.0 mg/mL DC-Chol stock solution (3.72 mM DC-Chol) in chloroform. 

9. 20.0 mg/mL DOPE stock solution in chloroform (Avanti Polar Lipids, Alabaster, 
AL). 

10. LiposoFast™ extruder, with 1.0-mL syringes (Avestin, Ottawa ON, Canada). 

11. 1.0, 0.4, and 0.1 pm Nuclepore® polycarbonate membrane fdters (Corning®, 
available from VWR). 

12. Cholesterol (20 mg/mL in chloroform), 5 mL Weigh 100 mg cholesterol into a 
glass test tube previously rinsed 3x with chloroform and dried. Dissolve in 
approximately 4 mL chloroform. Bring to 5 mL with chloroform. Store at -20°C 
in capped and sealed glass container. 

3. Methods 

3.1. Preparation of LPD Complex 

1. Volumes and quantities are for 100 pg of plasmid DNA in a final volume of 600 
pL (DOTAP/Chol liposome) or 400 pL (DC-Chol/DOPE liposomes). For larger 
doses, volumes and quantities should be proportionately scaled up (see Fig. 3 for 
illustration of the steps). 
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Fig. 3. Preparation of liposome-polycation-DNA (LPD). 


2. a. For DOTAP/Chol liposomes prepare liposome/polycation (LP) solution in a 

50-mL conical tube by adding 60 pL 5X dextrose, 148.2 pL sterile water, 86 
pL DOTAP liposomes, and 6 pL protamine sulfate. Mix by vortexing at me¬ 
dium speed for 10 s. 

b. For DC-Chol/DOPE liposomes, prepare LP solution in a 50-mL conical tube 
by adding 40 pL 5X dextrose, 122 pL sterile water, 30 pL DC-Chol/DOPE 
liposomes, and 8 pL protamine sulfate. Mix by vortexing at medium speed for 
10 s. 

3. a. Make up a DNA solution (D solution for DC-Chol/DOPE liposomes) in an 

eppendorf tube by adding 60 pL 5X dextrose, 140 pL sterile water, and 100 
pL plasmid DNA. Gently tap tube to mix. Do not vortex. 
b. Make up a DNA solution (D solution for DOTAP-chol liposomes) in an 
eppendorf tube by adding 40 pL 5X dextrose, 60 pL sterile water, and 100 pL 
plasmid DNA. Gently tap tube to mix. Do not vortex. 

4. While gently swirling LP solution, slowly add D solution dropwise. It takes about 
5-10 s to add 300-400 pL of D solution. A tip with a wide opening to transfer the 
D solution is recommended, such as the 1000-pL pipet tip or plastic transfer pipet 
(see Note 4). 

5. Incubate the complex at room temperature for 10-15 min prior to injection to 
allow for complex maturation. 
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3.2. Preparation of Liposomes by Thin-Fiim Hydration foiiowed 
by Extrusion 

Thin-film hydration followed by extrusion is one of many methods that can 
be used to prepare liposomes. This method was selected because it provides a 
quick and easy protocol for the preparation of a concentrated and homoge¬ 
neous suspension of small unilammellar liposomes suitable for laboratory-scale 
animal experiments. The method involves forming a thin film of dried lipids 
on the bottom of a glass tube. The lipids are then hydrated in a desired aqueous 
solution (e.g., water or 5.2% dextrose) to form a suspension of mixed, 
multilammelar liposomes. Extrusion is a method of liposome preparation 
whereby lipid suspensions are pushed through polycarbonate filters of desired 
pore size. The shear force produced by passage of the lipids through the pores 
results in the formation of liposomes with unilamallar lipid bilayers. The size 
of the resultant liposomes can be dictated, in part, by choosing the appropriate 
pore size of the filters used during extrusion. It should be noted that for large- 
scale preparation of liposomes, microfluidization is the method of choice (13). 

The preparation of DC-Chol/DOPE liposome (2 mM DC-Chol) DOTAP/ 
Choi liposome (14.3 mM DOTAP = 10 mg/mE DOTAP) stock solutions is 
described below. A cationic liposome preparation with a 3:2 molar ratio of 
DC-Chol/DOPE represents the optimal formulation to be used in EPD for intra¬ 
cranial injection. The optimal liposome preparation to be used in EPD for sys¬ 
temic injection is composed of a 1:1 molar ratio of DOTAP/cholesterol. Both 
cationic liposome stock solutions are stable for several months when stored at 
4°C. 

3.2.1. Preparation of Thin Fiim 

1. Rinse a 30-mL Corex tube 3x with chloroform. There is no need to dry the resid¬ 
ual chloroform since it will be evaporated in step 3. 

2. Mix desired amount of lipids in the glass tube. 

a. For 2 mL of 10 mg/mL DOTAP/cholesterol liposomes (1:1 molar ratio), mix 
0.8 mL DOTAP (mol wt 698.6) stock solution and 0.55 mL cholesterol 
(MW386.7) stock solution. 

b. For2 mL of 2 pmol/mL DC-chol/DOPE liposomes (3:2 molar ratio), add 1.07 
mL DC-Chol stock solution and 0.1 mL DOPE stock solution and mix. 

3. In a chemical hood, evaporate chloroform to form a thin lipid film on the glass by 
blowing N 2 gas down the side of the tube while rotating the tube. This process 
should be done in a chemical hood. The chloroform fume is hazardous. To speed 
up the process, the tubes can be dipped in a warm water bath. 

4. Dry film to completion by vacuum desiccation for 2-3 h (see Note 5). To prevent 
loss of lipid film under vacuum, cover tube with aluminum foil and poke small 
holes in the foil with a needle. 
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3.2.2. Hydration of the Thin Film 

1. Add 2 mL of sterile water to film. 

2. Suspend lipids in solution by vortexing for 15 s on maximum speed several times. 
Lipids may remain on the side of the tube, appearing as a solid, white precipitate. 
Several quick (10-15 s) bursts in a bath sonicator will help to suspend the lipids 
in solution. 

3. Incubate suspension either at room temperature for 2-3 h or at 4°C overnight to 
allow for complete hydration of lipids. It is our experience that the longer the 
hydration, the easier the extrusion. Overnight hydration is recommended for com¬ 
mon practice, and 48 h of hydration is also acceptable. 

3.2.3. Extrusion 

1. Vortex the lipid suspension and heat it for 5-10 min in a 65°C water bath. Should 
you observe any lipid aggregates, sonicate the suspension in a bath sonicator 
until all aggregates disappear, and then return to water bath. 

2. Place two 1.0-|am polycarbonate filters in the extruder. 

3. Heat the extruder to 65°C for 5 min. Heating the lipid suspension and the extru¬ 
der to 65°C maintains the lipids in a liquid state. This allows for easier extrusion 
and improved lipid mixing. 

4. Extrude the lipid dispersion by passing the suspension through the extruder 5x. 
Return the extruder to the water bath. Following extrusion, the lipid suspension 
should be transformed from an opaque, cloudy solution to a transluscent suspen¬ 
sion. 

5. Repeat steps 2-4 using 0.4- and 0. l-pm polycarbonate fdters sequentially to ob¬ 
tain small unilamellar liposomes with a mean diameter of 100-200 nm. 

6. Store liposomes at 4°C. 

4. Notes 

1. A variety of cationic liposome formulations are commercially available for 
lipofection of cells in tissue culture. Optimal formulations are highly cell line 
dependent and typically do not correlate with optimal formulations used for gene 
transfer of corresponding tissues in vivo. Thus, for in vitro transfection, the reader 
is advised to test a variety of the commercially available liposomes following the 
manufacture’s instructions. 

2. The DOTAP/Chol liposome is made of a 1:1 molar ratio of DOTAP and choles¬ 
terol. Each DOTAP molecule carries a positive charge, and cholesterol is neutral. 
In gene transfer studies, one often needs to calculate the amount of DOTAP 
according to different charge ratio requirement. Thus, for convenience, the 
DOTAP/Chol liposome solution is labeled as 10 mg DOTAP/mL; it also contains 
5.5 mg Chol/mL. For DC-Chol/DOPE liposomes, the stock solution is 2 mM of 
total lipids, i.e, 1.2 mM of DC-Chol and 0.8 mM of DOPE. 

3. Plasmid DNA shall be highly purified and endotoxin free (e.g., using Double- 
CsCl gradient purification or Endofree’''’'* plasmid/cosmid purification kits avail- 
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able from QIAGEN®). In addition, it is required that plasmid DNA (or other 
forms of DNA) be dissolved in water or 5.2% dextrose solution. This is because 
salt interferes with the charge-charge interaction between DNA and cationic lipid 
or polymer and causes the formation of aggregates. 

4. White, string-like precipitates may form during mixing. This is most commonly 
caused by salt in the solutions (TE, NaCl, etc.) The precipitates appear to be toxic 
to mice following iv injection. Proper contour of the mixing vessel (i.e., the 50- 
mL conical tube), swirling of the LP solution, and dropwise addition of the D 
solution help to prevent the formation of the precipitate. If the precipitate forms, it 
is not advised to proceed with injection. Instead, try preparing the complex again. 
With practice, precipitate formation can routinely be avoided. Again, never vor¬ 
tex the complex since it contains plasmid DNA. 

5. For the preparation of liposomes by the thin-film hydration followed by extrusion 
method, one should allow 3-4 h for the formation of the dry film, 2-3 h or over¬ 
night for hydration of the lipids, and 1-2 h for extrusion. For preparation of LPD, 
one should allow 1/2-1 h. 

References 

1. Gao, X. and Huang, L. (1996) Potentiation of cationic liposome mediated gene 
delivery by polycations. Biochemistry 35, 1027-1036. 

2. Sorgi, F. L., Bhattacharya, S., and Huang, L. (1997) Protamine sulfate enhances 
lipid mediated gene transfer. Gene Ther. 4, 961-968. 

3. Li, B., Li, S., Tan, Y., et al. (2000) Lyophilization of cationic lipid-protomine- 
DNA (LPD) complexes. J. Pharm. Sci. 89, 355-364. 

4. Li, S. and Huang, L. (1997) In vivo gene transfer via intravenous administration 
of cationic lipid/protamine/DNA (LPD) complexes. Gene Ther. 4, 891-900. 

5. Nikitin, A. Y., Juarez, M. L, Li, S., Huang, L., and Lee, W. H. (1999) RB-medi- 
ated suppression of spontaneous multiple endocrine neoplasia and lung metastases 
in Rb-l-/- mice. Proc. Natl. Acad. Sci USA 96, 3916-3921. 

6. Leone, P., Janson, C.G., Bilianuk, L., et al. (2000) Aspartoacylase gene transfer to 
the mammalian central nervous system with therapeutic implications for Canavan 
disease. Ann. Neurol. 48, 27-38. 

7. Li, S., Wu, S.P., Whitmore, M., et al. (1999) Effect of immune response on gene 
transfer to the lung via systematic administration of cationic lipidic vectors. Am. 
J. Physiol. Lung Cell. Mol. Physiol. 276, L796—L804. 

8. Holland, H. and Huang, L. (1995) Inhibition of human ovarian carcinoma cell 
proliferation by liposome-plasmid DNA complex. Biochem. Biophys. Res. 
Commun. 207, 492—507. 

9. Whitmore, M., Li, S., and Huang, L. (1999) LPD lipopolyplex initiates a potent 
cytokine response and inhibits pulmonary tumor growth. Gene Ther. 6, 
1867-1875. 

10. Tan, Y., Li, S., Pitt, B., and Huang, L. (1999) The inhibitory role of CpG 
immunostimulatory motifs in cationic lipid vector-mediated transgene expression 
in vivo. Hum. Gene Ther. 10, 2153-2161. 


LPD Nanoparticles 


81 


11. Yew, N. S., Zhao, H., Wu, I. H., et al. (2000) Reduced inflammatory response to 
plasmid DNA vectors by elimination and inhibition of immunostimulatory CpG 
motifs. Mol. Ther. 1, 255-262. 

12. Hofman, C. R., Dileo, J. P., Li, Z., Li, S., and Huang, L. Efficient in vivo gene 
transfer by PCR amplified fragment with reduced inflammatory activity. Gene 
Ther., 8, 71-74. 

13. Sorgi, F. L. and Huang, L. (1996) Large scale production of DC-Chol liposomes 
by microfluidization. Int. J. Pharmaceut. 144, 131-139. 



7 _ 

Solvoplex Synthetic Vector for Intrapulmonary 
Gene Delivery 

Preparation and Use 

Klaus Schughart and Ulla B. Rasmussen 


1. Introduction 

For in vivo gene transfer, synthetic (nonviral) vectors are thought to have 
several advantages compared with viral vectors: they can accommodate large- 
size DNA molecules (therapeutic genes including their endogenous regulatory 
regions), be used under reduced confinement conditions, be administered 
repeatedly, and be modified with appropriate ligands that allow specific cell 
targeting. Until now, many different types of organic compounds have been 
tested as synthetic gene delivery vectors in animal models by various routes of 
administration (reviewed in refs. 1-13). 

Intrapulmonary gene delivery represents an important route of administra¬ 
tion for treatment of monogenic or multifactorial diseases like cystic fibrosis 
and asthma. Furthermore, gene delivery via the intrapulmonary route would be 
an attractive noninvasive delivery method for systemic expression of therapeu¬ 
tic proteins by targeting alveolar cells, which then express and secrete the gene 
products into the bloodstream. Different synthetic vectors have been studied 
for their potential use as gene transfer vectors to achieve expression after intra¬ 
pulmonary delivery; some of them have been evaluated in clinical studies 
(reviewed in refs. 14-1 7). 

Recently, we described a new type of synthetic vector, named solvoplex, 
which is based on organic solvents and which can greatly enhance gene deliv¬ 
ery to the lung epithelium after intrapulmonary delivery (18). Solvoplexes rep- 
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Fig. 1. DPSO solvoplexes are more efficient than DNA alone, DOTAP lipoplexes, 
or PEI polyplexes. Female B6SJLF1 mice were injected IT with solvoplexes, DNA 
alone, lipoplexes, or polyplexes (25 pg/50 pL of plasmid pTG11033 in each case; for 
details, see ref. 18), and luciferase expression in lung homogenates was determined 1 
day after injection. As control, naive mice (not injected) were analyzed. (+/-) refers to 
the N/P molar ratio of lipid or polycation to DNA in lipo- and polyplexes (21). Mean 
values were calculated and statistical analyses were performed using the Mann- 
Whitney rank sum test. *, p < 0.04 in a pairwise comparison of the lipoplexes and 
polyplexes to DPSO solvoplexes. n, number of mice analyzed in each group. (From 
ref. 18 with permission.) 



resent highly efficient gene transfer vectors to target the lung airway epithe¬ 
lium in mice and rats after intrapulmonary delivery, they are easy to prepare 
and stable for weeks, and they can be readministered. Here we describe the 
preparation and use of solvoplex vectors for preclinical studies in rodents. 

1.1. Characteristics of Soivopiex Vectors 

Solvoplex vectors represent easy to prepare mixtures of plasmid DNA and 
organic solvents. Among several polar aprotic solvents tested for efficacy of 
intrapulmonary gene delivery after intratracheal (IT) injection in mice, di-n- 
propylsulfoxide (DPSO), dimethylsulfoxide (DMSO), tetramethylurea (TMU), 
and butylmethylsulfoxide (BMSO) solvoplexes yielded the highest luciferase 
reporter gene expression in the lung. The best results were obtained with 
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Fig. 2. LacZ reporter gene expression is observed in the lung airway epithelium 
after IT injection of solvoplexes. Lungs were prepared 1 day after IT injection of 
female B6SJLF1 mice, stained with X-Gal, and cut into large pieces; then the cut open 
surface was photographed under a dissection microscope. (A) Noninjected control 
mice. (B) Mice injected with 15% DPSO solvoplexes (50 |ag/50 pL of pTGl 1034 plas¬ 
mid DNA). Lungs from 15% DPSO solvoplex-injected mice were embedded in paraf¬ 
fin, sectioned, mounted, and viewed under the light microscope using (C) Nomarski 
or (D) brightfield illumination after H&E staining. Arrows indicate examples of LacZ- 
positive (blue-stained) cells. (From ref. 18 with permission.) 


solvoplexes containing 15% DPSO (18). At this concentration, up to 400-fold 
increased expression levels were obtained when compared with DNA alone 
(“naked DNA”) (Fig. 1). In addition, diethylsulfoxide (DESO), methylethyl- 
sulfoxide (MESO), propylenglycol (PPG), tetramethylensulfoxide (TEMSO), 
and sulfolane resulted in lower levels of gene expression but still higher than 
with DNA alone. Compared with dioleoyl-trimethylammonium propane/ 
dioleoylphosphatidylethanolamine (DOTAP/DOPE), DOTAP/cholesterol 
lipoplexes, or polyethyleneimine (PEI) polyplexes, increases of 260-, 25-, or 
4-fold, respectively, were observed with DPSO solvoplexes (Fig. 1). Thus, 
solvoplexes represent more efficiently performing vectors for intrapulmonary 
gene delivery than many of the currently used synthetic vectors. 

Also in rats, IT delivery of 15% DPSO solvoplexes resulted in gene expres- 
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Fig. 3. Readministration of solvoplexes results in gene expression levels similar to 
single administration. Female B6SJLF1 mice were injected IT with solvoplexes (50 
pg/25 pL of plasmid pTG11033) or with 1 ¥ lOE* PFU AdTG8509 adenovirus (Ad) 
and analyzed for luciferase expression 1 or 29 days later. Two groups were reinjected 
with solvoplexes or with adenovirus at day 28, and 1 day later, luciferase expression in 
lung homogenates was determined. Mean values were calculated, and statistical analy¬ 
ses were performed using the Mann-Whitney rank sum test. *,p<0 .01 in a pairwise 
comparison of expression levels of adenovirus-injected mice analyZed after 29 days 
and reinjected mice, with mice analyzed at day 1. n, number of mice analyzed in each 
group. SEM: standard error of mean. (From ref. 18 with permission.) 

sion in the lung ( 18 ). An important parameter for the clinical and preclinical 
use of synthetic vectors is the stability of complexes upon storage. When DPSO 
solvoplexes were kept at -20°C or at room temperature, no degradation of DNA 
was observed within a period of 15 days, and no loss in transfection efficiency 
of the DNA was noted ( 18 ). Furthermore, reporter gene expression in the lung 
could be observed after delivery of solvoplexes as a spray using a hand-held, 
high-pressure microsprayer device (lA-lC Intrapulmonary Aerosolizer; 
PennCentury) ( 18 ). 

1.2. Gene Expression in the Lung Airway Epitheiium 

Individual cells in the lung expressing a foreign gene can be localized after 
solvoplex delivery of LacZ or GFP reporter genes. For example, in mice in¬ 
jected with 15% DPSO solvoplexes, LacZ-positive cells were detected in the 
epithelium of the proximal regions of the lung airways (Fig. 2). 
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1.3. Readministration of Soivopiex Vectors 

Gene expression after solvoplex delivery was highest on day 1 after injec¬ 
tion and declined rapidly until day 7, when expression levels were only slightly 
above background. Thus, when prolonged gene expression is needed, readmini¬ 
stration will be required. We observed that, in contrast to first-generation 
adenovirus vectors, after a second administration of 15% DPSO solvoplexes, 
expression levels could be obtained that were equivalent to the levels seen 
after the first injection (Fig. 3). 

1.4. Toxicity of Soivopiexes 

Administration of solvoplexes resulted in pathologic changes in the lung at 
1 day after injection that were not significantly different from the changes 
observed after delivery of DNA alone. Seven days after injection, no or only 
very weak residual inflammation was seen for solvoplexes and DNA alone. 
Changes in relative body weight or serum transaminase levels were not signifi¬ 
cantly different between injected and noninjected mice. It should also be noted 
that the amount of DPSO applied in our protocol is 5000-fold below the median 
lethal dose (LD 50 ) determined for mice after intraperitoneal injection ( 19 ). 

1.5. Mechanism of Transfection 

The mechanism of transfection of airway epithelial cells by solvoplexes is 
currently unknown. It is conceivable that organic solvents change the compo¬ 
sition of the cell membrane by altering its fluidity or the properties and distri¬ 
bution of receptors and that such changes enhance DNA uptake. Also, it is 
possible that the basolateral cell surfaces of epithelial cells in the lung become 
exposed in the presence of solvent because the solvent weakens cell-cell inter¬ 
actions, thus allowing DNA uptake also via the basolateral membrane. In addi¬ 
tion to effects at the cellular level, the conformation of DNA may be altered in 
the presence of solvents in such a way that its uptake is facilitated. 

1.6. Conclusion and Perspectives 

Our results demonstrate the use of solvoplexes as an attractive alternative 
and complementary gene delivery vehicle to the currently available gene trans¬ 
fer vectors, especially for preclinical studies. They result in high levels of gene 
expression in the lung airway epithelium, and they are easy to prepare, stable 
over time, and of moderate toxicity; they can also be readministered. However, 
before solvoplexes could be used in the clinic, several issues, especially those 
concerning potential local pathogenic effects and improved delivery methods, 
must be addressed in more detail. 
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2. Material 

2.1. Solutions 

1. Phosphate buffered saline (PBS): 2 irLMKH 2 P 04 , 8 mA/Na2HP04,150 rtiMNaCl. 

2. X-Gal staining solution: 5 mMK 3 Fe(CN)g, 5 mMK 4 Fe(CN) 6 , 2 inMMgCl 2 , 1 
mg/mL X-Gal, 0.02% NP-40, 0.01% Na-deoxycholate in PBS. 

3. Anesthetic mixture for mice: 5.2 mL 0.15 Af NaCl, 1 mL Imalgene 1000 
(ketamine; Merial, Lyon, France), 0.5 mL 2% Rompun (xylazine; Bayer, 
Leverkusen, Germany). 

4. Anesthetic mixture for rats: 5 mL Imalgene 1000 (ketamine), 1.5 mL 0.5% 
Vetranquil (acepromazine; Sanofi-Sante-Nutrition Animate, Libourne, France). 

2.2. Solvents for Solvoplexes 

1. TMU was obtained from Sigma (L’Isle d’Abeau Chesnes, France; cat. no. 
T3875). 

2. BMSO was synthesized by oxidation of methylbutylsulfide (Lancaster, 
Strasbourg, France; cat. no. 12039) with NaI 04 (Sigma; cat. no. SI 147). 

3. DMSO was purchased as tissue culture grade from Sigma (cat. no. D2650). 

4. DPSO could not be obtained commercially in a pure enough form and was thus 
synthesized by oxidation of di-«-propylsulfide with NaI 04 {see Subheading 

3.2.). 

2.3. Expression Plasmids 

The expression plasmid pTGl 1033 contained the luciferase gene under con¬ 
trol of the IE 1 -CMV promoter, intron 1 of the HMGCoAR gene, and the S V40 
polyA signal. Plasmid pTG 11034 contained the bacterial LacZ gene with a 
nuclear localization signal under control of the IE 1-CMV promoter, the rabbit 
Bj-globin ivs2 intron, and SV40 polyA. Plasmid pEGFP-Cl (Clontech, Palo 
Alto, CA) contained the GFP gene under control of the IE 1-CMV promoter. 

2.4. Mice and Rats 

Female C57BE/6 and B6SJEF1 mice (8-10 weeks old) and female Sprague- 
Dawley (OFA-SD) rats (approx 100 g) were obtained from authorized suppli¬ 
ers (Iffa Credo, TArbresle, France; Charles River, St. Germain sur TArbresle 
France; Janvier, Fe Genest, France) as special pathogen-free (SPF) grade ani¬ 
mals (see Note 1). They were housed under SPF conditions and according to 
the French regulations for animal experimentation. After arrival, animals were 
allowed at least 1 week to recover from transport and adapt to the environment 
before the beginning of the experiments. 
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3. Methods 

3.1. Preparation of DNA 

Plasmid DNA is prepared by the alkaline lysis method (20) from eultures 
grown in Erlenmeyer flasks or fermenters. Plasmid DNA is then precipitated 
by isopropanol, and the pellet is washed with 70% ethanol. Crude plasmid 
preparations are then purified by two subsequent CsCl density gradient cen¬ 
trifugations (20). 

1. Harvest the plasmid band from the second CsCl density gradient (about 8 mL of 
solution). 

2. Extract ethidiumbromide 4-5x with 5 mL butanol (saturated with water/CsCl). 

3. Dialyze against TE. 

4. Digest RNA by adding, for 8 mL of plasmid solution, 10 pL of an RNAase solu¬ 
tion (10 mg/mL in water). 

5. Incubate for 30 min at 37°C and add 80 pL 10% sodium dodecyl sulfate (SDS) 
and 10 pL of proteinase K (10 mg/mL in water). 

6 . Incubate at 37°C for 2 h and stop reaction by incubation at 65°C for 5 min. 

7. Extract plasmid solution twice with dichlormethan. 

8 . Precipate DNA by adding 1/10 vol of 3 MNa-acetate, pH 5.0, and 2.5 vol of 
99.9% ethanol; wash pellet 3X with 70% ethanol. 

9. Dissolve DNA in TE to a final concentration of 1 mg/mL or less. 

10. Extract endotoxins by adding 1/9 vol of 3 MNa-acetate, pH 5.0 and then 1/9 vol 
of 10% TXl 14 (Sigma; cat. no. T-7003) in 0.3 MNa-acetate, pH 5.0, vortex for 1 
min, incubate on ice for 10 min, vortex for 3 s, incubate at 42°C for 5 min, centri¬ 
fuge for 10 min at 37°C at 2200g, and transfer aqueous phase to new tube; repeat 
twice. 

11. Precipitate DNA by adding 2.5 vol ethanol, incubate for 2 h at -20°C, wash the 
pellet 3x with 70% ethanol,and dry the pellet for 5 min in a lyophylizator. 

12. Dissolve DNA in TE. 

13. Determine DNA concentration and purity by measuring OD260 and OD280 (20). 

14. Determine endotoxin concentration by using the LAE Contest Endotoxin kit (Bio¬ 
genic, Maurin, France). For use in animals, endotoxin concentrations should be 
<5 entropy units (eu)/mL. 

15. Store DNA at -20°C until use. 

3.2. Synthesis of DPSO 

1. Cool 25 g NaI 04 (117 mmol) in 245 mL water to 0°C. 

2. Keep at 0°C and slowly add while stirring 13.2 g (15.85 mL) di-n-propylsulfide 
(111 mmol; Aldrich, ITsle d’Abeau Chesnes, France; cat. no. P5,428-0). 

3. Follow the progress of the reaction by thin-layer chromatography (Rf = 0.41; 
silica plates [Aldrich; cat. no. Z12,269-6]: layer 250 pm, particle size 5-17 pm, 
pore size 60 A; solvent: 90/10 CH 2 CI 2 /CH 3 OH; detection I 2 , KMn 04 ). 

4. Filter the crude product on Celite (Sigma; cat. no. C8656) and wash Celite with 
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300 mL water, 200 mL CH 2 CI 2 (Merck, Fontenay-sous-Bois, France; cat. no. 
1.06050.1000). 

5. Extract eluate twice with water/CH 2 Cl 2 . 

6 . Wash aqueous phase with CH 2 CI 2 and combine organic phases. 

7. Wash organic phase with FI 2 O saturated with Na 2 S 203 (Prolabo, Fontenay-sous- 
Bois, France; cat. no. 28130.292) and rinse with CFI 2 CI 2 . 

8 . Evaporate the solvent by drying over anhydrous Na 2 S 04 . 

9. Purify DPSO by silica gel chromatography (Kieselgel 60; Merck; column i.d. 4 
cm, height 25 cm; eluent: CH 2 CI 2 /CFI 3 OFI 98/2). 

10. Distill DPSO by vacuum distillation at 0.2 mm Fig (boiling point: 63°C; yield: 
12.3 g, i.e., 91.7 mmol, i.e., 83%). 

3.3. Preparation of Solvoplexes 

All solutions and the final solvoplex mixture need to be prepared sterile. 

1. Calculate the amount of DNA needed (final concentration 2 mg/mL; 25 pL per 
mouse). 

2. Precipitate DNA by adding 0.1 vol of 3 A/Na-acetate, pFl 5.0 and 4 vol ethanol, 
and incubate for 2 h at -20°C. 

3. Wash the pellet with ethanol/H 20 (80:20 vol), and let dry for 1 h at room tem¬ 
perature. 

4. Calculate amount of solvent and buffer (20 vaM HEPES, pH 7.5) required for 
solvoplex {see Note 2). 

5. Dissolve DNA pellet in calculated amount of buffer (20 mM HEPES, pH 7.5). 

6 . Add calculated amount of solvent. 

7. Mix by pipetting. 

8 . Inject into animals within next 2 h {see Note 3). 

3.4. Intratracheal Injection 

3.4.1. Mice 

1. Anesthetize mice by intraperitoneal injection of 100 pL of anesthetic mixture 

{see Subheading 2.1. and Note 4). 

2. Fix the mouse by taping the legs on a support (i.e., piece of styrofoam). 

3. Disinfect the skin with 70% ethanol. 

4. Make an incision in the skin above the trachea. 

5. Expose the trachea by dilating the muscles and connective tissue with a fine 
curved forceps; be careful not to damage the esophagus or nerves and veins sur¬ 
rounding the trachea. 

6 . Insert a 1 mL 27G 3/8 gage injection needle (Becton Dickinson, LePont de Claix, 
France) between two neighboring cartilage rings with the tip pointing in the direc¬ 
tion of the lung; make sure that the tip of the needle is well inside the trachea. 

7. Slowly inject a volume of 25-50 pL into the trachea {see Note 5). 
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8. Carefully watch the breathing rhythm of the animal during this period and arrest 
the injection if the animal seems to be suffocating (see Note 6). 

9. After injection, close the incision by suture, i.e., Ethibond 3/0 (Johnson and 
Johnson, Brussels, Belgium) 

3.4.2. Rats 

Treatment is the same as described above for mice, except that they are 
injected intraperitoneally with 110 pL/100 g of a different anesthetic mixture 
(see Subheading 2,1.). We injected volumes up to 150 pL of solvoplex solu¬ 
tion into rat tracheas. Again, since solvoplexes are more viscous than purely 
aqueous solutions, special attention needs to be given to the breathing rhythm 
of the animal. 

3.5. Analysis of Luciferase Expression 

1. Sacrifice mice at the desired time point after injection (usually 1-2 days; see 

Note 7). 

2. Prepare lungs and trachea separately (see Note 8). 

3. Freeze them immediately in liquid nitrogen and store at -80°C until further use. 

4. Disrupt the tissues by adding 500 pL (lung) or 200 pL (trachea) luciferase lysis 
buffer (Promega, Chamonnieres, France) and homogenize for 2x 30 s (Polytron 
homogenizer, Kinematica, Littau, Switzerland). 

5. Freeze/thaw (liquid nitrogen, water bath) the homogenate 3x. 

6. Remove cell debris by centrifugation. 

7. Determine luciferase activity in a luminometer (Microlumat LB 96P; Berthold, 
Evry, France) by following the supplier’s instructions for the luciferase assays 
(Promega, Chamonnieres, France). 

8. Determine protein content by the BCA protein assay (Pierce, Montlucon, France) 
from an aliquot of the extract supernatant. 

9. Calculate luciferase activity as relative light units (RLU)/min/mg (protein) (see 

Note 9) 

3.5. Histologic Analyses 

3.5.1. LacZ Reporter Gene Expression 

1. Remove lungs in PBS. 

2. Wash in PBS and fix in 2% formaldehyde (for at about 1 h at room temperature; 
see Note 10). 

3. Wash lungs in PBS. 

4. Incubate in X-Gal staining solution for 2 days at 37°C. 

5. Fix tissues for 12-24 h in 5% formaldehyde at 4°C. 

For direct observation: 

6. Place lungs in Petri dishes with PBS. 

7. Using a dissection microscope, cut lungs open with scalpel to expose airways. 

8. Directly observe and photograph lungs under a dissection microscope. 

For tissue sections: 
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9. Dehydrate organs or tissue pieces and embed in paraffin (Histoplast; Life Sci¬ 
ence International, Eragny, France). 

10. Cut 8-|am sections with a microtome, dewax sections, perform histologic staining 
if desired, and mount them in Mowiol (Calbiochem/Novabiochem, La Jolla, CA) 
or Eukitt (Labonord, Villeneuve d’Ascq, France; see Note 11). 

3.5.2. GFP Reporter Gene Expression 

1. Deeply anesthetize mice. 

2. Perfuse with PBS and then with 4% formaldehyde. 

3. Prepare organs and fix them in 4% formaldehyde for 30-60 min at room tem¬ 
perature. 

For direct observation: 

4. Place lungs in Petri dishes with PBS. 

5. Using a dissection microscope, cut lungs open with scalpel to expose airways. 

6. Directly observe and photograph under a fluorescence microscope using the fluo¬ 
rescein isothiocyanate (FITC) filter se,t{see Note 12). 

For sections (cryosections): 

7. Equilibrate fixed organs or tissue pieces in 30% sucrose solution (4°C, over¬ 
night). 

8. Freeze in OCT (Tissue Tek, Bayer Diagnostics, Munich, Germany). 

9. Cut with cryostat (S-pm sections). 

10. Fix sections in methanol (-20°C, 20 min) and mount in Mowiol. 

11. Observe and photograph sections under the fluorescence microscope using the 
FITC filter set. 

4. Notes 

1. We used mice from 8 to 12 weeks of age, and we did not observe significant age- 
related differences in expression levels. Most of our data were generated with 
C57BL/6 and B6SJLF1 mice, and some experiments were performed with CBA, 
C3H/FIe, and BALB/c mice. We did not observe significant differences between 
mouse strains. However, we preferred to use B6SJLF1 hybrid mice because of 
the hybrid but identical background in all individuals and because F1 hybrids are 
more robust than inbred mice. 

2. Best results were obtained with 15% DPSO and DMSO solvoplexes. DNA re¬ 
mains in solution at higher solvent concentrations, and formulations containing 
20% DPSO resulted in higher expression levels in some mice. However, varia¬ 
tions between individual mice were much more pronounced. This effect is prob¬ 
ably because of the increased viscosity of solvoplex solutions at high DPSO 
concentrations and the consequent difficulty reproducibly delivering them to the 
lung. 

3. Even though no change in the DNA or its capability to transfect was observed, 
we usually prepare the solvoplexes just prior to injection. 

4. In principle, different anesthetics may be used, but be aware that they may influ¬ 
ence the results. We did not perform an evaluation of different anesthetics. 


Preparation and Use of Solvoplex 


93 


5. Injection of the lowest volumes possible, i.e., 25 pL is recommended. 

6. Solvoplexes containing >10% of solvent are more viscous than water and need to 
be injected very slowly. If you are not very experienced with IT injections, the 
results may vary considerably between individual animals in the beginning. 

7. Maximal expression levels were observed 1 day after injection. The peak of 
expression may be slightly earlier than 24 h; we did not investigate this in detail. 

8. After solvoplex injection, we observed expression in both the lung and trachea, 
but expression levels were variable for the trachea. In the trachea, similar expres¬ 
sion levels were seen for solvoplexes as for DNA alone, whereas in the lung, 
expression was much higher after solvoplex injection (Fig. 1). Thus, if one is 
interested in lung gene transfer, the lung should always be studied separately 
from the trachea. 

9. RLU can be converted into the corresponding mass (ng) of luciferase protein 
produced by preparing standard curves with purified commercially available luci¬ 
ferase. In this case, it is necessary to generate a standard curve at the same time as 
samples are being analyzed. However, be aware that the conversion depends on 
the purity of the luciferase protein batch used for the standard curve and that this 
can vary between batches and suppliers. Therefore, even though the conversion 
of RLU to ng luciferase protein allows a better comparison of expression levels 
between laboratories, it is not an “absolute” value. 

10. For better fixation of the tissues, mice can be deeply anesthesized and perfused 
with PBS and then 2% formaldehyde; isolated organs can be fixed in this solu¬ 
tion for 30-60 min at room temperature. 

11. Histologic staining of all sections is not recommended, because the LacZ stain¬ 
ing could be masked. We prefer to leave one section unstained and to counter¬ 
stain the neighboring section with haematoxylin and eosin (Merck) for 
visualization of morphologic structures. 

12. Long working distance objectives are required. 
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Gene Correction Frequency by Chimeric RNA-DNA 
Oligonucleotide Using Nuclear Extracts 

Olga A. Igoucheva and Kyonggeun Yoon 


1. Introduction 

Site-specific correction of single-base mutations in target DNA sequences 
has been developed using an RNA-DNA hybrid oligonucleotide (RDO) to cor¬ 
rect or cause a specific point mutation in episomal and genomic DNA (1-14). 
In its original design, an RDO was composed of two strands, one strand con¬ 
taining both RNA and DNA (RNA-containing strand) and the other strand fully 
complementary to the RNA-containing strand but consisting of all DNA (DNA- 
containing strand; Fig. 1). The RNA was incorporated because an RNA-DNA 
hybrid duplex is more active than a DNA duplex in homologous recombination 
by the RecA and Rec2 proteins (15,16). To render the oligonucleotide resistant 
to the RNaseH, ribose sugars were 2'-(9-methylated, and to protect the 5' and 3' 
ends, a five GC clamp was placed at each end of the molecule. This original 
RDO molecule was empirically designed and has been modified subsequently. 
Recent RDO designs include a complete sequence complementarity of the 
RNA-containing strand to target DNA, a replacement of the central five DNA 
residues with 2'-(9-methyl RNA, a placement of mismatch in the DNA-con- 
taining strand, and a chemical modification of the hairpin loops. These modifi¬ 
cations result in a 3- to 10-fold increase in gene correction activity (17,18). 
These results suggest that two different functions could be imparted to two 
strands of RDO: the RNA-containing strand stabilization of a labile intermedi¬ 
ate and the DNA-containing strand for strand pairing and directing DNA repair 
activity. 
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Fig. 1. The structure of RDO. RDO consists of RNA- and DNA-containing strands 
linked by a double T-loop and a 5-bp GC clamp. The RNA-containing strand has 10 
2'-0-methyl RNA residues (R) flanking either side of a 5-residue DNA (D) stretch, 
which contains the base change desired for the mutation. The sequence of the RNA- 
containing strand is complementary to the targeted DNA over a stretch of 25 residues 
except for a single mismatch (A:C) to the targeted base to be altered. The DNA-con- 
taining strand is complementary to the RNA-containing strand. 

1.1. Standardized System for Measuring Gene Conversion 

The general application of RDO technology has been hampered by the lack 
of a standardized system to measure gene conversion in a particular cell type in 
a rapid and reproducible manner. For this purpose, we have constructed a 
shuttle vector, pCF1110-G1651A, to measure the targeted gene correction of 
the mutant E. coli (3-galactosidase gene (19). The mutant plasmid contained a 
single-base-point mutation at position 1651 (G^A) in the plasmid pCFll 10, 
which encodes the full-length E. coli [3-galactosidase gene under the control of 
the SV40 early promoter. This mutation causes a Glu^Lys substitution in the 
Mg^+ binding site (amino acid 461) and results in a complete loss of catalytic 
activity. A shuttle vector whereby a gene product is expressed in both mamma¬ 
lian and bacterial cells makes it possible to transfer the conversion event medi¬ 
ated by the RDO in mammalian cells to bacteria for further analysis (Fig. 2). 
The advantage of this scheme is that, in bacteria, gene correction events can be 
rapidly and unambiguously scored, as blue colonies. We also established an in 
vitro system in which nuclear extracts from mammalian cells were shown to 
process RDO-mediated gene correction of the mutant (3-galactosidase plasmid 
(19). This in vitro reaction was utilized to compare frequencies of gene conver¬ 
sion among cell lines (19) and to optimize the design of RDO (17). 

1.2. Variation in Gene Correction Frequency among Different 
Ceii Types 

We found a large variation in gene conversion frequencies among different 
cell types (5,19). Neither uptake nor nuclear stability of the oligonucleotide 
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Fig. 2. Strategy of gene correction by RDO, an episomal transfection, and in vitro 
reaction with mammalian nuclear extracts, using the shuttle plasmid pCHl 10-G1651A 
containing a point mutation (G^A) in the E. coU P-galactosidase gene. 


appears to be a limiting faetor in our experiments, as measured by a radiola¬ 
beled or a fluorescein-conjugated oligonucleotide (5). Variable frequencies 
among different cell types are not surprising since each cell type is likely to 
have different rates of recombination and mismatch repair. However, it has 
been difficult to predict whether RDO technology can be applied to a particular 
cell type. 

Using the in vitro reaction, we measured the gene correction frequency of 
the mutant P-galactosidase shuttle vector. The frequency of gene conversion of 
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Table 1 

Frequency of In Vitro Gene Correction by RDO in Different Cell Types 


Cell type 

RDO 

Molar ratio or 
RDO/mutant 
plasmid 

No. of Lac 
colonies 

No. of Lac^ 
colonies 

% LacTLac “ 

CHO-Kl 

(3-Gal B 

1000 

4.0 X 10^ 

5 

0.1 

HeLa 

(3-Gal B 

1000 

34 X 10^ 

1 

0.003 

HaCaT 

(3-Gal B 

1000 

28 X 10^ 

1 

0.004 

PKC 

(3-Gal B 

1000 

IlOx 10^ 

2 

0.002 

p53-'- 

(3-Gal B 

1000 

6.9 X 10^ 

53 

0.8 

p53+'+ 

(3-Gal B 

1000 

26 X 10^ 

0 

<0.004 

p53+'+'’ 

(3-Gal B 

1000 

0.6 X 10^ 

5 

0.8 

DT40 

(3-Gal B 

1000 

15 X 10^ 

12 

0.1 


“ Frequency of gene correction was measured by averaging three bacterial transformations of 
DNA prepared from each in vitro reaction by nuclear extracts from CHO-Kl, HeLa, HaCaT, 
human primary keratinocytes (PKC), p53“^“ and mouse embryonic fibroblasts, and DT40 
cells. One tenth-of the recovered DNA from each experiment was transformed into 
electrocompetent P90C bacteria and plated into 10 LB dishes containing 100 pg/mL of X-Gal 
and 50 pg/mL of ampicillin. The number of blue colonies was divided by the total number of 
colonies. The same molar ratio of (3-Gal A (1000) was used in all experiments as a negative 
control and did not produce any blue colony among 1 O'* colonies generated from each experi¬ 
ment. 

* In vitro reaction carried out by nuclear extracts isolated from p53^^‘'‘ cells after 15 passages 


different cell types is shown in Table 1. Although an absolute gene correction 
frequency measured by the in vitro reaction is lower than that of transfection, it 
can be used to compare RDO-mediated gene correction activity among differ¬ 
ent cell types in a relative manner. For example, the embryonic fibroblasts 
from the p53^^“ mouse showed much higher gene correction than that of 
isogenic p53+^^ cells, indicating the importance of p53 in gene conversion (19). 
Flomologous recombination activity has previously been shown to be depen¬ 
dent on the status of p53 protein (20,21). In addition, nuclear extracts made 
from the chicken B cell line (DT40) exhibited a high frequency of gene correc¬ 
tion. DT40 cells were shown to have a higher homologous recombination rate 
than any other tissue culture cells (22-24). Taken together, these results sug¬ 
gest that recombination is a rate-limiting step in gene conversion by RDO in 
cells with competent mismatch repair activities. Thus, the highly sensitive and 
convenient assay utilizing E. coli (3-galactosidase is useful not only to optimize 
RDO structure but also to compare gene correction frequencies among differ¬ 
ent cell types. 

In another in vitro approach, a point or a frameshift mutation in the drug- 
resistant gene (tetracycline or kanamycin) was corrected by cell-free extracts 
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from HuH-7 cells in the presence of RDO at a frequency of approx 0.1%, scored 
by bacterial colonies growing in the drug selection (25). Levels of gene correc¬ 
tion by RDO decreased in HuH-7 cell extracts when the anti-hMSH2 antibody 
was added in the reaction, supporting the involvement of the hMSH2 mismatch 
repair protein. General application of RDO for site-specific gene correction or 
mutation should obviously benefit from such mechanistic studies. 

2. Materials 

2 . 1. Cell Culture 

1. Chicken B-cell line (DT40): These cells are split 1/20 every day and maintained 
at a cell density lower than 1 x 10®/mL in RPMI-1640 medium containing 10% 
fetal bovine serum (FBS), 1% chicken serum, and 0.05 mM 2-mercaptoethanol. 
The DT40 cells can be obtained from American Type Culture Collection 
(Rockville, MD; ATCC cat. no. CRL-2111). 

2. Cell types to be tested: Maintain cells in an appropriate growth medium at log 
phase. 

3. RPMI-1640 medium containing 2 mM glutamine. 

4. FBS. 

5. Chicken seram. 

6 . 2-Mercaptoethanol. 

2 . 2 . Nuclear Extract Isolation 

1. Harvested cells. 

2. Prechilled phosphate-buffered saline (PBS): 1% NaCl, 0.025% KCl, 0.14% 
Na 2 HP 04 , 0.025% KH 2 PO 4 (all w/v), pH 7.2; sterile. 

3. Prechilled hypotonic buffer: 10 mM HEPES, pH 7.9, 1.5 mM MgCfi, 10 mM 
KCl, 0.2 mM phenylmethylsulfonyl fluoride (PMSF; add just before using), and 
0.5 mM dithiothreitol (DTT; add just before using). 

4. Prechilled low-salt buffer: 20 mMHEPES, pH 7.9,25% glycerol, 1.5 mMMgCl 2 , 
0.02 M KCl, 0.2 mM EDTA, 0.2 mM PMSF (add just before use), and 0.5 mM 
DTT (add just before use). 

5. Prechilled high-salt buffer: 20 mMHEPES, pH 7.9,25% glycerol, 1.5 mMMgCfi, 
1.2 M KCl, 0.2 mM EDTA, 0.2 mM PMSF (add just before use), and 0.5 mM 
DTT (add just before use). 

6 . Prechilled dialysis buffer: 20 mMHEPES, pH 7.9, 20% glycerol, 100 mMKCl, 
0.2 mMEDTA, 0.2 mMPMSF (add dropwise just before use), and 0.5 mMDTT 
(add just before use). 

7. 50-mL graduated conical polypropylene centrifuge tubes and 1.5-mL Eppendorf 
tubes. 

8 . Glass Dounce homogenizer (type B pestle) or 1-mL syringe (needle G21). 

9. Slide-A-Lyzer Dialysis Cassettes (10,000 mol wt; Pierce, Rockford, IE). 

10. Spectrophotometer. 

11. Coomassie protein reagents kit (Pierce). 
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2.3. In Vitro Reaction 

1 . Nuclear extracts {see Subheading 2.2.). 

2. DNA samples: supercoiled pCHl 10-G1651A plasmid DNA and RDO. 

3. Reaction buffer: 30 mMHEPES, pH 7.8, 7 mA/MgCl 2 , 4 mM adenosine triphos¬ 
phate (ATP), 200 \xM each of cytidine triphosphate (CTP), guanosine triphos¬ 
phate (GTP), uridine triphosphate (UTP), 100 |uM each deoxy-ATP, deoxy-GTP, 
deoxy-CTP, deoxythymidine triphosphate (dTTP), 40 mM creatine phosphate, 
100 |ag/mL creatine phosphokinase, and 15 mM sodium phosphate (pH 7.5). 

4. Phenol/chloroform/isomyl alcohol. 

5. 100% and 70% ethanol. 

2.4. Microbioiogy Reagents 

1. Single colony of E. coli P90C and CC106 strains. 

2. Luria-Bertani (LB) medium: 10 g tryptone, 5 g yeast extract, 5 g NaCl /L, pH 7.0. 

3. Half-salt LB medium: 10 g tryptone, 5 g yeast extract, 2.5 g NaCl /L, pH 7.0. 

4. 5x M63 medium: 10 g (NH 4 ) 2 S 04 , 68 g KH 2 PO 4 , 2.5 mg FeS 04 • 7 H 2 O/L, 
pH 7.0. 

5. LB plates containing 50 |lg/mL ampicillin and 100 |lg/mL 5-bromo-4-chloro- 
3-indolyl-P-D-galactoside (X-Gal) {see Note 1). 

6 . 1 mMHEPES buffer, pH 7.5. 

7. M63 minimal medium plates containing 0.4% D-(-l-)-lactose. 

8 . M63 minimal medium plates containing 0.4% glucose. 

9. Spectrophotometer. 

10. Ice-cold H 2 O. 

11. Ice-cold 10% glycerol. 

12. SOC medium: 0.5% yeast extract, 2% tryptone, 10 mMNaCl, 2.5 mMKCl, 10 
mAf MgCl 2 , 20 mMMgS 04 , 20 mM glucose. 

13. Beckman JS-4.2 rotor or equivalent and adapters for 50-mL narrow-bottomed 
tubes. 

14. Electroporation apparatus. 

15. Chilled electroporation cuvets with two flat-topped electrode bosses separated 
by 0.1 cm. 

3. Methods 

3.1. Preparation of Nuciear Extracts 

Nuclear extracts are prepared from the cells in a log phase growth by the 
standard method (26) with a slight modification. DT40 cells can be utilized as 
a positive control, since it showed a higher gene correction frequency than 
other cells tested (19). 

1. Grow DT40 cells in the 250-mL flasks in RPMI containing 10%FBS, 1% chicken 
serum, until they are 3-5 x 10^/150 mL. 
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2. Collect cells from the spinner culture. Centrifuge 5x10^ cells/150 mL in a 50- 
mL graduated conical centrifuge tubes (one tube for 45-50 mL of cell culture) 
for 10 min at 1850g (^ee Note 2). 

3. Measure the packed cell volume (PCV) and resuspend cells in ice-cold PBS, ap¬ 
proximately 5x (v/v) of the PCV. Centrifuge cells for 10 min at 1850g at 4°C. 

4. Aspirate PBS and rapidly resuspend the cell pellets in an ice-cold hypotonic 
buffer, approximately 5x (v/v) of the PCV. Centrifuge cell pellets for 5 min at 
1850gat4°C. 

5. Aspirate the solution and resuspend cells for the second time in an ice-cold hypo¬ 
tonic buffer, approximately 3x (v/v) of the original PCV {see step 3). 

6 . Allow the cells to swell on ice for 15-20 min (cells should swell twofold). 

7. Homogenize the cell pellets with 20-25 slow up-and-down strokes using a 1-mL 
syringe with a needle (gage 21). At this stage, check for cell lysis under a micro¬ 
scope using Trypan blue. 

8 . Centrifuge for 15-20 min at 3300g. 

9. Collect the supernatant containing cytoplasmic extracts and, if needed, save it for 
further analysis. 

10. Measure the packed nuclear volume (PNV) from step 9. 

11. Resuspend the nuclei in the low-salt buffer in a half-volume of the PNV {see 

step 10). 

12. Add high-salt buffer dropwise the in a half-volume of the PNV {see step 10). 
Homogenize the nuclei as in step 7 if necessary. Allow nuclei to extract for 30- 
45 min with continuous gentle shaking (use a rotating platform) at 4°C. 

13. Centrifuge nuclei for 45-60 min at 14,000g at 4°C. 

14. Collect the supernatant (nuclear extract), transfer it to the new tube, and keep it at 
4°C. 

15. Prepare a Slide-A-Lyzer cassette for dialysis by immersing it in dialysis buffer 
for 1-2 min. Then, remove excess liquid by tapping the edge of the cassette gen¬ 
tly on a paper towel. Do not blot the membrane. 

16. Fill a syringe (use a new one) with nuclear extract solution and inject the sample 
slowly. Dialyze against a large excess of dialysis buffer for 8-12 h at 4°C. 

17. Remove the extracts from the cassette and collect the supernatant by centrifuga¬ 
tion for 10-15 min at 14,000g at 4°C. 

18. Determine the protein concentration using the Coomassie protein reagent kit. 
Measure the absorbance at 595 nm. Usually, 20 pg of protein is obtained from 1 
million cells. 

19. Aliquot extracts into tubes, freeze by submerging in liquid nitrogen, and store at 
-80°C {see Note 3). 

3.2. In vitro Reaction between the Mutant ^-Gaiactosidase 
Piasmid and RDO Cataiyzed by Nuciear Extracts 

The following reaction condition was optimized for the DT40 nuclear 
extracts. Because each cell extract has a different level of nuclease and gene 
correction activity, it may be necessary to optimize the reaction condition by 
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varying the amount of nuclear extracts, the ratio of the plasmid DNA and oli¬ 
gonucleotide, and the time of reaction (see Note 4). 

1. Prepare the reaction mixture containing a 100 ng supercoiled plasmid, pCHl 10- 
G1651A, and 3.0 pg RDO in the reaction buffer (see Subheading 2.3.)- Prior to 
the reaction, heat the RDO for 5 min at 95°C and then chill it for 2 min on ice. 
This step is designed to fold the RDO into a double hairpin structure. 

2. Add 50 pg of the nuclear extracts and adjust the reaction volume to 100 pL of 
DNase-free H 2 O. Mix very gently by pipetting. 

3. Incubate at 37°C for 1-3 h. 

4. The DNA can be extraeted first with an equal volume of phenol/chloroform (1:1) 
and then with chloroform, and precipitated by adding a 1/10 vol of 3 MNaOAc, 
pH 5.2, and 2.5 vol of 100% ethanol at -20°C overnight. 

5. Wash the DNA pellet once with 70% ethanol and resuspend it in 5-10 pL of 
DNase-free water. Store at -20°C for further analysis into bacteria. 

3.3. Gene Correction by RDO in Eukaryotic/Mammaiian Ceiis 
Measured by Bacteriai Transformation 

The frequency of correction by RDO is measured by bacterial transforma¬ 
tion of DNA isolated after in vitro reaction into bacterial strain P90C or CC106. 
Since a large number of bacterial colonies are generated and screened rapidly, 
the frequency of correction can be measured with increased accuracy. The 
P90C (aradi.[lacproBJxni) has a deletion in the entire lac operon (27). Trans¬ 
formation of plasmid containing a functional or a mutant P-galactosidase gene 
into P90C results in either blue or white colonies on the X-Gal plate, respec¬ 
tively. The CC106 strain, a derivative of P90C, carries a mutation at amino 
acid 461 (Glu^Lys) of the lac Z gene in a F' lact proB^ episome (28). 
When a functional P-galactosidase gene is supplied, the CCl 06 strain can meta¬ 
bolize lactose but not the P90C strain. Therefore, when DNA is transformed 
into the CCl06 competent cells, a large number of colonies (over a million 
colonies) can be plated onto one minimum plate containing 0.4% lactose since 
only Lac^ colonies will grow. Therefore, the CCl06 strain can be used to mea¬ 
sure a lower frequency in comparison with the P90C strain. However, we found 
that the plating efficiency of CCl06 on a minimum plate is 2-5 times lower 
than that of P90C, and we used P90C for most measurements. Both P90C and 
CCl06 strains were generous gifts from Dr. Cupples. 

3.3.1. Preparation of the P90C Competent Cells 

1. Propagate the P90C bacteria culture from glycerol stock by streaking on a fresh 
LB medium plate. 

2. Pick a single colony from the plate for the starter culture and grow it in 5 mL 
half-salt media overnight. 
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3. Prepare 1 L of a half-salt LB medium and pour into two Fernbaeh flasks (500 mL 
in each). Autoclave and shake at 37°C. 

4. Remove 2 mL of LB medium from step 3 and use it as a reference solution. 

5. Inoculate Fernbaeh flasks with 2.5 mL of the overnight starter culture. Use sterile 
techniques. 

6 . Turn on the spectrophotometer and set the wavelength at 600 nm. 

7. Grow bacteria until the absorbance at 600 nm reaches 0.45-0.55. This takes ap¬ 
proximately 2 h. Absorbance should be read 1 h after adding the overnight cul¬ 
ture, and then every 30 min. 

8 . When the absorbance reaches 0.45, chill flasks in ice/water bath for 15 min. Af¬ 
ter this step, work fast and keep cells cold (work on ice). 

9. Transfer cells to cold 250-mL autoclaved centrifuge bottles. Weigh and balance 
appropriately. 

10. Centrifuge for 10 min at 4000g. 

11. Pour off the supernatant and resuspend pellets in a 25 mL of cold 1 mM FIEPES 
buffer, pH 7.5. Gently resuspend the pellets using a pipet, then add 200 mL of 1 
mMHEPES buffer, pH 7.5, to each bottle, and mix by gently inverting bottle. 

12. Weigh and balance appropriately. 

13. Centrifuge for 10 min at 4000g. 

14. Immediately pour off supernatant. Pellets are very loose at this point. Add 25 mL 
of cold 1 mM HEPES buffer, pH 7.5. Resuspend pellets in a 100 mL of cold 1 
mMHEPES buffer, pH 7.5, by gentle swirling. Add 100 mL of cold 1 mMHEPES 
buffer, pH 7.5, and mix by gently inverting the bottle. 

15. Weigh and balance, and then centrifuge for 10 min at 4000g. 

16. Quiekly decant the supernatant. Pellets are very loose at this point. Resuspend 
the pellets in 5 mL of cold 10% (w/w) glycerol solution by gentle swirling. Trans¬ 
fer cells to one centrifuge bottle. Add 5 mL of cold 10% (w/w) glycerol in water 
to eaeh bottle, swirl gently, and transfer solutions to the bottle containing cells. 

17. Centrifuge for 10 min at 4000g. During centrifugation, prepare the dry ice/etha- 
nol bath, label 0.5-mL Eppendorf tubes, and ehill them on ice. 

18. Immediately pour off the supernatant. Pellets are very loose at this point. Resus¬ 
pend the pellets in an equal volume of cold 10% (w/w) glycerol in water. The 
pellet volume from a 500-mL culture is approximately 0.5 mL (1 L yields 1 mL). 
Resuspend pellets by gentle swirling. 

19. Aliquot cells into eold 0.5-mL eppendorf tubes (100 pL eaeh). 

20. Freeze tubes in dry iee/ethanol bath for 5 min and store cells in a -80°C freezer. 
Properly stored, cells should be competent for transformation for at least 2-3 
months. Transformation efficieney of the P90C competent cells should be greater 
than 5x10* transformants/pg of the eontrol pUC19 plasmid DNA. 

3.3.2. Preparation of the CC106 Competent Ceiis 

1. Propagate the CC106 bacteria culture from glycerol stock by streaking on the 
M63 minimal plate containing glucose as a carbon source. 

2. Pick a single colony from the plate for the overnight starter culture and grow in 5 
mL lx M63 minimal media with glucose as a carbon source. 
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3. Perform steps 3-20 from Subheading 3.3.1. 

4. Transformation efficiency of CC106 competent cells should be greater than 
5x10* transformants/pg of the control pUC19 plasmid DNA. 

3.3.3 Transformation and Plating of Bacteria for Quantitation 
of Correction Frequency 

1. Prepare a dry ice/ethanol bath and maintain at -80°C. 

2. Chill the electroporation cuvets and 0.5 mL Eppendorf tubes on ice. 

3. Remove the competent cells (P90C or CC106) from the -80°C freezer. 

4. Add 20 pL of cold 10% glycerol solution to an Eppendorf tube, then add 20 pL of 
the competent cells, and mix by flicking the tube gently. 

5. Immediately refreeze unused competent cells in a dry-ice/ethanol bath for 5 min 
and put them back in the -80°C freezer for storage. Do not repeat this step more 
than three times, since the efficiency of transformation decreases upon repetitive 
freezing and thawing (see Note 5). 

6 . Add approx 10-20% of DNA recovered from the in vitro reaction (see Subhead¬ 
ing 3.2.) to the competent cells/glycerol mixture. In most cases, plating of 10^- 
10® clones, which can be generated from 0.2-2 ng of the recovered DNA after in 
vitro reaction, is sufficient to determine the frequency of gene correction. Incu¬ 
bate for 5 min on ice. 

7. Transfer the solution to a 0.1-cm cuvet and flick the cuvet to mix. 

8 . Let stand for 5 min on ice. 

9. Electroporate DNA at 25 pF and 250 W. 

10. Immediately add 900 pL of SOC medium at room temperature, and transfer the 
electroporated mixture to a 3-mL snap cap tube. 

11. Shake the transformed cells at 225 rpm (Incubator shaker series 25, New 
Brunswick Scientific, Edison, NJ) at 37°C for 1 h. 

12. Plate cells appropriately and place plates upside down in the bacterial incubator 
overnight. 

13. For DNA transformed into P90C cells, the frequency of correction is measured 
by dividing the number of blue colonies by the total number of colonies. To avoid 
overcrowding of bacterial colonies for each sample, approx 1000-2000 colonies 
should be plated per LB dish containing 50 pg/mL of ampicillin and 100 pg/mL 
of X-gal. 

14. For DNA transformed into CC106 cells, over a million colonies can be plated 
onto one minimum plate containing 0.4% lactose. Prior to plating, spin the CC106 
transformed cells and gently resuspend the pellet in lx M63 medium containing 
0.4% lactose. Repeat the wash, and resuspend the pellet in 100-150 pL of lx 
M63 medium. Save 10 pL and plate the entire transformation mixture onto one to 
two minimum plates containing 0.4% lactose. The number of colonies grown on 
a lactose plate (Lac^) should be normalized by the total number of colonies, which 
can be measured by plating serial dilutions of the saved 10 pL transformed CC106 
cells in a minimum plate containing 0.4% glucose (see Note 6). 
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4. Notes 

1. All plates containing X-Gal must be wrapped in aluminum foil and kept at 4°C 
because X-Gal is a light-sensitive reagent. Plates can be used within 1 month. 

2. During nuclear extract preparation, all procedures must be performed at 4°C, pref¬ 
erably in a cold room using precooled buffers and equipment. Carry out all cen¬ 
trifugations at 4°C. 

3. After isolation, the nuclear extract should be aliquoted and stored at -80°C. For 
the best results, each aliquot should be used once. Repeated freezing and thawing 
will decrease the efficiency. 

4. An in vitro reaction may need to be optimized for each cell type by varying the 
amount of nuclear extracts, the ratio of the plasmid DNA and oligonucleotide, and 
the time of reaction. 

5. Electroporation is currently the most efficient method for transformation of bac¬ 
teria with plasmid DNA. Frozen competent cells should be aliquoted and stored at 
-80°C. For best results, each aliquot should be used once. Repeated freezing and 
thawing will decrease the efficiency by twofold. 

6 . For the M63 minimal medium plates, optional X-Gal and ampicillin can be added. 
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and Jeffrey L. Nordstrom 


1. Introduction 

1.1. Intramuscular Plasmid Delivery 

Following direct intramuscular injection of plasmids, transgene expression 
follows a biphasic pattern in which expression levels are maintained for approx¬ 
imately 1 month, and then decline to trace levels that persist for 1 year or more 
(1,2). Flowever, even during the first month, transgene expression levels are 
too variable and too low to provide consistent therapeutic levels of circulating 
proteins. Thus, most intramuscular plasmid-based gene therapy efforts have 
focused on indications that require short-term, low-level, local expression. 
Examples include induction of collateral vessel growth following injection of 
vascular endothelial growth factor (VEGF) plasmids into regions of ischemic 
muscle (3) and induction of humoral and cell-based immunity following intra¬ 
muscular injection of plasmid-based genetic vaccines (4). The use of protec¬ 
tive, interactive, noncondensing (PINC™) polymers, such as poly(vinyl) 
derivatives (5) or nonionic block copolymers made of ethylene oxide and pro¬ 
pylene oxide monomers (6), has led to the development of formulations that 
provided higher, more persistent transgene expression compared with plasmids 
in saline. For example, a single dose of an insulin-like growth factor-I (IGF-I) 
plasmid formulated in poly(vinylpyrrolidone) caused reinnervation of motor 
end plates and increased muscle fiber size when delivered to paralyzed adult 
rat laryngeal muscle (7). 
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1.2. Intramuscular Plasmid Delivery with In Vivo Eiectroporation 

The application of an electric field in the form of low-voltage, long-duration 
pulses enables the transport of macromolecules (i.e., plasmids) across a cell 
membrane. Upon reaching a critical voltage, cell membrane breakdown occurs, 
pores form, and plasmids are transported into the cytoplasm of cells (8-10). 
When intramuscular plasmid delivery is combined with in vivo electroporation, 
levels of transgene expression are increased by 2-3 orders of magnitude, allow¬ 
ing levels as high as 2 pg/mL of expressed protein to be attained (11-17). 
Transgene expression levels are reproducible and may persist at stable levels 
for at least 1 year in mice. Using low-voltage, long-duration pulses delivered 
by electrodes that are used noninvasively (caliper electrodes applied to the 
entire hindlimb) or invasively (two wires applied to exposed muscle tissue), 
sustained levels of several circulating proteins (secreted alkaline phosphatase, 
erythropoietin, factor IX) have been attained in mice. 

1.3. Rationale for Reguiated Gene Therapy 

The ability to attain long-term, high-level transgene expression raises new 
challenges, since the expression of all endogenous genes is controlled by regu¬ 
latory mechanisms. An effective system for transgene regulation will mini¬ 
mize the frequency and severity of side effects by maintaining circulating 
protein levels within the therapeutic window. If serious adverse effects due to 
excessive transgene expression are encountered, the regulation system can 
serve as a “safety switch” to terminate transgene expression rapidly. In addi¬ 
tion, an effective transgene regulation system may permit the circulating levels 
of the therapeutic protein to be raised or lowered according to therapeutic need, 
thereby maximizing an individual patient's benefit. 

1.4. Ligand-Dependent Transgene Reguiation Systems 

Several systems for ligand-dependent transgene regulation have been 
employed in gene therapy studies in animals. The tetracycline-dependent sys¬ 
tem is based on the responsiveness of an E. coli repressor protein to doxycy- 
cline and related antibiotics (18). The rapamycin-dependent system utilizes the 
drug-induced heterodimerization properties of the immunophilins, FKBP and 
FRAP (19). The ecdysone-dependent system is based on the ligand respon¬ 
siveness of heterodimers formed from mammalian retinoid X receptors and 
modified Drosophila or Bombyx ecdysone receptors (20). The mifepristone- 
dependent GeneSwitch™ system exploits the responsiveness of a mutant 
progesterone receptor to synthetic antiprogestins (21,22). The tetracycline-, 
rapamycin-, and ecdysone-dependent systems have been primarily applied to 
viral-based gene therapy (23-26). By contrast, the mifepristone-dependent 
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Fig. 1. Model for ligand-dependent regulation of transgene expression by the 
GeneSwitch system. Various promoters (CMV, chicken skeletal a-actin, or auto¬ 
inducible promoters) can be used to drive expression of the GeneSwitch regulator 
protein. The promoter of the inducible EPO plasmids contains six GAL4 sites linked 
to a TATA box. UT12 is derived from the 5' UTR of CMV I/E transcripts, IVS8 is a 
synthetic intron, and hGH pA is the human growth hormone poly(A) site. The 
GeneSwitch regulator protein is a chimera of the GAL4 DNA binding domain (GAL4), 
truncated human progesterone receptor ligand-binding domain (hPR-LBD), and the 
p65 subunit of human NF-kB (p65). It is synthesized in an inactive form. Binding of a 
synthetic antiprogestin drug (e.g., mifepristone) triggers a conformational change that 
leads to activation and dimerization. Activated homodimers bind to GAL4 sites in the 
inducible promoter and stimulate transcription of the transgene. 


GeneSwitch system, which functions effectively in the context of viral vectors 
(27,28), has also been utilized for plasmid-based gene therapy applications 
(29,30). 

1.5. Plasmid-Based GeneSwitch System for Transgene 
Regulation 

A two-plasmid GeneSwitch system is illustrated in Figures 1 and 2. One 
plasmid encodes the inducible transgene of interest and is controlled by an 
inducible promoter that consists of six GAL4 sites linked to a minimal TATA 
box promoter. The GAL4 binding sites are 17-bp palindromic sequences that 
are found in the promoter regions of galactose-regulatable genes of yeast but 
appear to be absent in eukaryotic genomes. 
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Promoter 6xGAL4 sites Elb TATA 



the start of transcription. UT12 is the 5' UTR, 5'SS and 3'SS refer to the splice sites of 
the synthetic intron, IVS8, and hGH polyA is the human growth hormone poly(A) site. 
PUC is the modified ColEl origin of replication derived frompUClS. Kan is the kana- 
mycin resistance gene derived from transposon Tn5. 


The second plasmid encodes the GeneSwitch regulator protein. This chi¬ 
meric protein is based on the unique properties of a truncated human progester¬ 
one receptor ligand-binding domain (hPR-LBD), which has lost the ability to 
be activated by natural progestin ligands but gained the ability to be activated 
by synthetic antiprogestin ligands, such as mifepristone. To function as a spe¬ 
cific transgene regulator, DNA binding domain from the yeast GAL4 protein 
was joined to the N-terminus of the hPR-LBD, and transactivation domain from 
the p65 subunit of human NF-kB was joined to its C-terminus (22,27,29,30). 
The resultant chimeric protein is approx 85% human in sequence. When pro¬ 
duced in transfected cells, the GeneSwitch regulator protein remains intracel¬ 
lular and probably forms inert complexes with heat shock proteins and 
immunophilins (31). Following binding of the inducing drug (mifepristone), 
the GeneSwitch regulator protein undergoes a conformational change and 
becomes activated, dissociates from the components of the inert complex, 
forms homodimers, binds to the GAL4 sites in the inducible promoter, and 
then induces transcription of the inducible transgene (Fig. 1). The concentra¬ 
tion of mifepristone required for half-maximal induction of transgene expres¬ 
sion in transfected tissue culture cells is approximately 10''^ M (Fig. 3). 

The plasmid-based GeneSwitch system has been used to regulate the expres¬ 
sion of secreted alkaline phosphatase, erythropoietin, and VEGF in a ligand- 
dependent manner in mice following intramuscular administration with in vivo 
electroporation (29,30). A single oral dose of mifepristone yielded peak 
transgene expression within 24 h that returned to basal levels by 72-96 h. The 
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[MFP] 

Fig. 3. Representative mifepristone (MFP) dose-response curve generated in tran¬ 
siently transfected FleLa cells using a 1:1 ratio of GeneSwitch and inducible plasmids. 
Twenty-four hours after transfection, media containing MFP at concentrations between 
10"'^ and 10'^ M were added to the cells. Twenty-four hours later, transgene expres¬ 
sion was measured. Peak levels of expressed protein were obtained at 10"'° M. SEAP, 
human placental secreted alkaline phosphatase 


oral mifepristone dose that yielded half-maximal induction of transgene ex¬ 
pression in mice was 0.03 mg/kg body weight (29). In comparison, for use as 
an abortifacient in humans, mifepristone is administered at doses that are 100- 
fold higher (3-10 mg/kg body weight), and it requires the coadministration of 
a prostaglandin, misoprostol (32). Thus, it is anticipated that the doses of 
mifepristone (MFP) required for regulated gene therapy will be very low and 
well tolerated. 

The identity of the promoter that drives expression of the gene for the 
GeneSwitch protein influences the performance of the system. If the highly 
active, constitutive, cytomegalovirus (CMV) promoter is utilized, detectable 
levels of transgene expression occur even in the absence of inducing ligand 
(29). If an autoinducible promoter, consisting of four GAL4 sites linked to a 
minimal thymidine kinase promoter, is utilized, the tightness of regulation is 
improved by over 1 order of magnitude. This promoter confers the ability to 
regulate the synthesis of the GeneSwitch regulator protein itself in a 
mifepristone-dependent manner. Thus, high-level induction of transgene 
expression by mifepristone is achieved through a series of self-amplifying in- 
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Fig. 4. Ligand-dependent regulation of erythropoietin (EPO) expression and he¬ 
matocrit (HCT) in mice following intramuscular delivery of plasmids with 
electroporation. (A) Induction of hematocrit. (B) Induction of EPO expression. An 
inducible human EPO plasmid and a muscle-specific GeneSwitch plasmid were mixed 
in a 1:1 ratio and formulated in 6 mg/mL sodium poly-L-glutamate at a final DNA 
concentration of 1.0 mg/mL. A plasmid dose of 150 pg was delivered on day 0 to both 
tibialis and gastrocnemius muscles (25 pg per tibialis, 50 pg per gastrocnemius) of 
C57B1/6 mice with electroporation (caliper electrodes, 2 pulses, 375 V/cm, 25 ms). 
The number of animals in each group was five. Group A animals (naive) received no 
DNA. Group B and C animals received the plasmids for the EPO/GeneSwitch system. 
Group B animals (no mifepristone [MFP]) were not treated with MFP. Group C ani¬ 
mals (-t MFP) were administered oral doses of MFP (0.3 mg/kg) on 5 consecutive 
days, beginning on day 13 (indicated by the open triangles). Hematocrit levels were 
measured at various times, and serum EPO levels were measured on days 17 and 22. 
All values are expressed as mean + SEM. 


duction cycles (30). If a muscle-specific (chicken a-actin) promoter, which is 
approx 1 % as active as the CMV promoter, is utilized, extremely tight transgene 
regulation in vivo also is achieved (Fig. 4). 

2. Materials 
2.1. Plasmids 

Both of the plasmids for the GeneSwitch system have backbones that con¬ 
tain a modified ColEl origin of replication, derived from pUClS, and a kana- 
mycin resistance gene, derived from transposon Tn5. Small-scale lots of 
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plasmid (<10 mg) are prepared from transformed cultures of E. coli (strain 
DH5a; GIBCO BRL, Rockville, MD) grown in 1 L of Terrific Broth media 
supplemented with 100 pg/mL kanamycin overnight at 37°C in 2.8-L fluted 
shaker flasks with shaking at 250 rpm in an orbital shaker. Cells are pelleted by 
centrifugation in 500-mL bottles at 2500g for 20 min. Plasmid is then isolated 
according to Qiagen’s protocol for Endo Free Giga prep kits and suspended in 
3 mL of QN buffer. The average yield is 10 mg, and endotoxin levels are less 
than 5 endotoxin units/mg. Larger scale lots of plasmid (>200 mg) are pre¬ 
pared following bacterial growth in 4.5-10 L fermentors, alkaline lysis, and 
purification by ion exchange chromatography, according to a proprietary pro¬ 
cess developed by Valentis, Inc. {see Note 1). 

2.2. Plasmid Formulation 

1. Sterile glass vials (The West Company, Lionville, PA). 

2. 5 MNaCl (cat. no. S0155;Spectrum, New Brunswick, NJ). 

3. Poly-L-glutamic acid, sodium salt (mol wt 15,000-50,000, cat. no. P4761; Sigma, 
St. Louis, MO). Prepare a stock solution of 25-50 mg/mL. The dry powder is 
stored in a dessicator at -20°C. A stock solution of 25 mg/mL is prepared in 
water, then stored at -4°C for up to one month. 

4. 1 MTris-HCl, pH 7.5, is from Life Technologies, Rockland, MD (cat. no. 15567- 
027). Prepare a 100 mM stock solution. 

2.3. Inducing Ligand 

Mifepristone (2.5 mg; Sigma) is dissolved in 0.5 mL of absolute ethanol, 
and then 29.5 mL of sesame oil (Sigma) is added, followed by gentle mixing 
by inversion. The final concentration is 0.083 mg/mL. The tube is protected 
from light by wrapping in aluminum foil and stored at -20°C. 

2.4. Animals 

We have used male or female CD-I mice (6-8 weeks old, weight range 29- 
31 g) or female C57B1/6 mice (6-8 weeks old, weight range 19-21 g). Animals 
are housed in a ventilated caging system (Thoren Caging Systems, Hazelton, 
PA) in a facility with 12-h light and dark cycles and fed RodentDiet 5001 (PMI 
Nutrition International, Brentwood, MO). Animals are acclimated for at least 3 
days prior to experimentation. The combination anesthesia ketamine (74 mg/ 
mL), xylazine (3.7 mg/mL), and acepromazine (0.73 mg/mL) is administered 
at a dose of 1.8-2.0 mL/kg. All procedures conform to state and federal guide¬ 
lines. 

2.5. Intramuscular Injection and In Vivo Electroporation 

1. Insulin syringes (3/10 cc; Becton Dickinson, Franklin Lakes, NJ). 

2. 70% isopropyl alcohol (Sigma). 
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3. Heating pad (GayMar T/pump, GayMar Industries, NY). 

4. Electro Square Porator™, model T820 (BTX, San Diego, CA). 

5. Enhancer 400 Graphic Pulse Display (BTX). 

6. Stainless steel caliper electrodes, 1.5 or 2.0 cm^ (BTX). 

2.6. Assays on Serum or Tissue Homogenates 

1. Blood is collected by retroorbital bleeding using disposable Pasteur pipets (cat 
no. 22-230-482, Fisher Scientific; Pittsburgh, PA). 

2. Microtainer serum separator tubes (cat. no. VT5960 [VWR]; Becton Dickinson, 
Franklin Lakes, NJ). 

3. Cryovial, polypropylene vials (2 mL) with screw cap lids (cat. no. 10832; 
BIOSPEC Products, Bartlesville, OK), for storing muscle tissue samples and pre¬ 
paring homogenates. 

4. Silicon beads (cat. no. 11079125z; BIOSPEC). 

5. Mini Bead Beater 8 (cat no. 693, BIOSPEC). 

6. Reporter lysis buffer, 5x (cat. no. E3971; Promega, Madison, WI). 

7. BCA Protein Assay Reagents A and B, and albumin standard (2 mg/mL; Pierce, 
Rockford, IE). 

3. Methods 

3.1. Formulation of Plasmid 

Plasmids may be formulated in saline or sodium poly-L-glutamate (see Note 
2 ). For delivery by in vivo electroporation, formulation of plasmids in poly-L- 
glutamate yields transgene expression levels that are up to 10-fold higher than 
plasmids in saline (unpublished data). 

3.1.1. Plasmids in Saline 

1. Combine the desired amount of GeneSwitch and inducible transgene plasmids in 
a 1:1 (w/w) ratio in a sterile glass vial. 

2. Add sterile water and mix gently (with a pipet tip). 

3. Add sterile 5 M NaCl for a final concentration of 0.15 M and mix gently (see 
Note 3). 

4. Add sterile 100 mMTris-HCl, pH 7.5, for a final concentration of 5 mM. 

3.1.2. Plasmids in Poly-L-Glutamate 

1. Combine the desired amount of GeneSwitch and inducible transgene plasmids in 
a 1:1 (w/w) ratio in a sterile glass vial. 

2. Add sterile water with gentle mixing. 

3. Add sterile poly-L-glutamate with gentle mixing for a final concentration of 6 
mg/mL. 

4. Add 5 MNaCl with gentle mixing for a final concentration of 0.15 M(see Note 3). 

5. Add sterile 100 mMTris-HCl, pH 7.5, for a final concentration of 5 mM. 
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3.2. Intramuscular Plasmid Delivery with In Vivo Eiectroporation 

1. Anesthetize the mice just prior to the procedure by injecting the combination 
anesthetic intraperitoneally at a dose of 1.8-2.0 mL/kg body weight. The anes¬ 
thesia typically lasts for 30 min. 

2. Shave the hindlimb with a clipper or razor and cleanse the skin by swabbing with 
70% isopropyl alcohol. 

3. Inject the plasmid solution into the skeletal muscle of choice. We routinely orient 
the injection needle parallel to the muscle fibers. The injection volume for 
the tibialis cranialis muscle is 25 jlL. The injection volume for the gastrocnemius 
muscle is 50 |uL, administered in 25-|uL volumes to each muscle belly {see 
Note 4). 

4. Place the leg firmly, but without compression, between the stainless steel elec¬ 
trode plates. Too much pressure will result in reduced levels of gene expression 
and potential damage. For electroporation of the tibialis muscle alone, ensure 
that the muscle lies in the middle of the plate. For electroporation of the 
gastrocnemious muscle, ensure that the fleshy part of the muscle is firmly gripped 
between the electrode plates. For electroporation of tibialis and gastrocnemius 
muscles, place the leg as centrally as possible between the two plates of the elec¬ 
trode. 

5. Measure the distance between the electrode plates. The average diameter of the 
tibialis and gastrocnemius muscles of CD-I mice (29-31 g in weight), is 0.4 cm. 

6. Two minutes after plasmid injection, initiate the electric pulsing regimen (2 
square wave pulses of 375-V/cm intensity and 25-ms duration). To achieve this 
voltage intensity for a hindlimb that is 0.4 cm in diameter, a voltage setting of 
150 V is required. Upon administration of each pulse, the toes will separate and 
the lower leg may twitch. 

7. Place the animal on a 37°C heating pad for recovery. The lower limbs may ap¬ 
pear to be weak immediately following the procedure but will completely re¬ 
cover within 1 or 2 h. Some edema may be observed immediately after the 
procedure and may last for up to 24 h. 

3.3. Administration of Inducing Ligand 

To deliver a dose of 0.3 mg/kg body weight to a 30-g mouse, 110 (iL of the 
mifepristone suspension (0.083 mg/mL) is administered orally (by gavage) or 
intraperitoneally. Administration of the ligand to mice by gavage is performed 
with a Popper & Sons animal feeding/intubation needle (curved, 18 gage) 
(VWR cat. no. 20068-640). Intraperitoneal administration is performed with a 
3-mL Luer lock syringe with an 18-gage needle. Ligand can be administered 
daily or on an intermittent schedule, as desired. Peak transgene expression is 
typically observed after 24 h {see Note 5). 
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3.4. Assays for Transgene Products in Serum or Tissue 
Homogenates 

3.4.1. Assay for a Secreted Gene Product (see Notes 6-8) 

1. Collect blood by retroorbital methods. 

2. Separate the serum (after a 30-min incubation at room temperature) by centrifu¬ 
gation at 2500g for 5-10 min at room temperature. 

3. Assay serum aliquots by the assay method of choice (e.g., by enzyme-linked 
immunosorbent assay (ELISA). 

3.4.2. Assay for a Nonsecreted Gene Product 

1. Excise the muscle tissue, place into a capped polypropylene tube with silica beads 
(8-10 beads), snap-freeze in liquid nitrogen, and lyophilize overnight. Store the 
samples at -80°C. 

2. Remove the tubes from the freezer and pulverize the tissue by placing the tubes 
on a bead beater, located in a 4°C cold room, for 2 min. 

3. Add 1 mL of 0.5x reporter lysis buffer and bead-beat for an additional 3 min. 

4. Centrifuge the muscle suspension at 16,000g for 10 min at 4°C and collect the 
supernatant. Assay aliquots for the desired transgene protein product. Aliquots 
may be diluted in lysis buffer or in the sample dilution buffer supplied with the 
analyte kits. 

5. For determination of total protein of tibialis or gastrocnemius muscles, dilute an 
aliquot of the muscle supernatant 1:10 with sterile water and add 10 |uL of the 
diluted extract to each well. Add 200 pL of the BCA reagent, and proceed accord¬ 
ing to the manufacturer’s protocol. 

4. Notes 

1. Plasmids for the autoinducible GeneSwitch system are available from Invitrogen 
(Carlsbad, CA). These plasmids differ from those shown in Figure 2 in two ways. 
The Invitrogen plasmid contains a bacterial gene for ampicillin resistance, rather 
than kanamycin resistance. It also contains an additional gene, one that is driven 
by the SV40 promoter and codes for hygromycin or zeocin resistance, which per¬ 
mits the selection of stable transfectants. For regulatory reasons, plasmids that 
confer kanamycin resistance are used for gene therapy applications (33). 

2. Poly-L-glutamate is an anionic polymer that enhances the uptake and retention of 
plasmids delivered to skeletal muscle in combination with in vivo electroporation 
(unpublished data). It may enhance uptake by saturating nonspecific DNA bind¬ 
ing sites on the cell surface and/or in the extracellular matrix. It may also inhibit 
nucleases, protecting the plasmid from degradation. 

3. Once prepared, plasmid suspensions can be used immediately but may be stored 
at 4°C. Total plasmid concentration should not exceed 3 mg/mL. It is prudent to 
prepare the minimum required volumes for the experiment plus an excess of 30%. 
When preparing formulations for the plasmid-based GeneSwitch system, first cal¬ 
culate the volume of each plasmid stock solution that is needed for a 1:1 (w/w) 
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ratio and the desired total DNA concentration. We have prepared formulations 
with final DNA concentrations that range from 0.02-3.0 mg/mL. Second, calcu¬ 
late the volumes of poly-L-glutamate, NaCl, and Tris-HCl. Third, calculate the 
volume of water that adjusts the solution to the final desired volume. For ex¬ 
ample, the volumes needed to prepare 1.0 mL of two plasmids (1:1 mixture, w/w) 
formulated at a total DNA concentration of 1.5 mg/mL in 6 mg/mL poly-L- 
glutamate are 187.5 pL of GeneSwitch plasmid (4.0 mg/mL stock); 250 pL of 
inducible transgene plasmid (3.0 mg/mL stock); 242.5 pL water; 240 pL poly-L- 
glutamate (25 mg/mL stock); 30 pL 5 MNaCl; 50 pL 100 mM Tris-HCl. It is 
prudent to verify that the final solution has an osmolality of 290 + 10 mOsm/kg. 

4. The total plasmid dose may be varied as desired. The highest dose we have used 
in a 20-g mouse is 150 pg (25 pg per tibialis, 50 pg per gastrocnemius), which is 
7.5 mg/kg body weight. The lowest dose we have used is 1 pg (delivered to a 
single tibialis), which is 0.05 mg/kg. 

5. We currently prefer to use a muscle-specific promoter in the GeneSwitch plas¬ 
mid, since it produces the GeneSwitch regulator protein at lower levels and re¬ 
stricts its expression to muscle cells. This provides lower background levels of 
transgene expression, yet still provides the capability of a robust induction of 
transgene expression in vivo. The ability of a muscle-specific GeneSwitch system 
to regulate erythropoietin (EPO) expression in mice is shown in Figure 4. Plas¬ 
mids (1:1 mixture of inducible EPO plasmid and muscle-specific GeneSwitch 
plasmid) were delivered with electroporation at a high dose (approx 7.5 mg/kg 
body weight). No EPO expression and, more importantly, no increase in hemat¬ 
ocrit, was detected in the absence of mifepristone administration. Administration 
of oral doses of mifepristone caused EPO expression to be induced to >400 mU/ 
mL. Within 5 days of the last mifepristone dose, EPO expression returned to un¬ 
detectable levels. The 5-day mifepristone treatment triggered a substantial increase 
in hematocrit, with peak levels (57%) occurring 6 days following the final 
mifepristone dose. By day 30, 2 weeks after the final mifepristone dose, hemat¬ 
ocrit returned to baseline levels, which was maintained at normal levels for an 
additional 20 days. The data demonstrate the ability of the muscle-specific 
GeneSwitch system to provide strict, ligand-dependent regulation of transgene 
expression in mice. 

6. The GeneSwitch systems for regulating erythropoietin and VEGF perform effec¬ 
tively in vivo at 1:1 ratios of the GeneSwitch and inducible plasmids. However, it 
is difficult to predict precisely the tightness of regulation that will be obtained 
with different transgenes, since sequence elements within the transgene itself can 
influence the strength of the inducible promoter. Thus, it may be necessary to 
modify the ratios of the two plasmids to refine the desired response. 

7. Delivery of plasmids to muscle by in vivo electroporation is associated with a 
transient period (approximately 30 days in length) during which localized regions 
of muscle damage and inflammation are evident. After approximately 30 days, 
the muscle tissue is normal in appearance, except for some evidence of recent 
myotube regeneration. 
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8. The two components of the system, the GeneSwitch gene and the inducible 
transgene, can be combined as a cassette on one DNA molecule. When the single 
cassette was inserted into an adenovirus vector, highly effective regulation of 
growth hormone expression was observed in mice (27). However, when a single 
cassette is inserted into a plasmid, we typically observe a decline in the magnitude 
of drug-dependent transgene regulation due to increased basal expression of the 
inducible transgene. Thus, tight, drug-dependent regulation of transgene expres¬ 
sion is best achieved with two separate plasmids. 
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Photochemical Transfection 

Light-Induced, Site-Directed Gene Deiivery 

Lina Prasmickaite, Anders Hogset, and Kristian Berg 


1. Introduction 

Most nonviral gene transfection vectors deliver transfecting DNA into cells 
through the endocytic pathway (1,2). Poor escape from endocytic vesicles in 
many cases constitutes a major barrier for delivery of a functional gene, since 
the endocytosed transfecting DNA is unable to reach the cytosol and be further 
transported to the nucleus, but rather is trapped in endocytic vesicles and finally 
degraded in lysosomes (3). Therefore, the development of endosome-disruptive 
strategies is of great importance for the further progress of gene transfection. 
We have developed a new technology, termed photochemical internalization 
(PCI), to achieve light-inducible permeabilization of endocytic vesicles (4-8). 
The technology is based on photochemical reactions initiated by photosensitiz¬ 
ers localized in endocytic vesicles and inducing rupture of these vesicles upon 
light exposure (4). This leads to the release of endocytosed macromolecules 
such as transfecting DNA from endocytic vesicles into the cytosol (Fig. 1). As 
a light-dependent treatment, PCI-mediated transfection (photochemical trans¬ 
fection) allows the possibility of directing the gene delivery to a desired site, 
e.g., achieving tumor-specific expression of a therapeutic gene in gene therapy 
in vivo. 

1.1 Photosensitizers and Photochemicai Reactions 

1.1.1. General Principles 

Photosensitizers (S) are compounds that upon absorption of light become 
excited to an excited state (S*), which initiates further photochemical reac- 
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Fig. 1. Principle of photochemical internalization (PCI). I, endocytosis of the pho¬ 
tosensitizer (S) and the transfecting gene (G); II, localization of the photosensitizer 
and the transgene in the same endocytic vesicles; III, rupture of endosomal membrane 
upon light exposure and subsequent release of the transfecting gene into the cytosol. 

tions. The photochemical reactions may proceed via a type I process, with 
exchange of electrons between the photosensitizer and biomolecules, or a type 
II process, inducing formation of singlet oxygen ('O 2 ). It is acknowledged that 
the photochemical reactions induced by the photosensitizers used in photody¬ 
namic therapy (PDT) and described here occur via type II reactions. Singlet 
oxygen is a highly reactive form of oxygen formed after interaction between 
the excited state of the photosensitizer (S*) and triplet ground-state molecular 
oxygen (^ 02 ) (9,10). Schematically: 




'O 2 ^oxidative reactions 


Singlet oxygen can further oxidize various biomolecules such as unsatur¬ 
ated fatty acids, some amino acids, and guanine, inducing damage into various 
cellular structures (11). However, singlet oxygen has a very short lifetime (<0.1 
ps) and a short range of action (10-20 nm) (12) ; therefore only targets close to 
the generated singlet oxygen will be photooxidized and damaged upon light 
exposure, leaving distant molecules intact. This fact is very important for the 
PCI technology, since the macromolecules to be released from the endocytic 
vesicles upon the photochemical treatment should stay intact and must main¬ 
tain their biologic function. 

1.1.2. Intracellular Localization of the Photosensitizers 

Different photosensitizers, depending on their physicochemical properties, 
enter and localize inside the cell differently. Photosensitizers that enter the cell 
via endocytosis (like photosensitizers that aggregate) and hydrophilic photo- 
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sensitizers such as di- and tetrasulfonated tetraphenyl porphines (TPPSn) 
(13,14) and aluminum phthalocyanines (AlPcSJ (15-17) tend to accumulate 
in endocytic vesicles. Exposure to light activates such photosensitizers leading 
to the photochemical damage of endocytic vesicles and subsequent leakage of 
the vesicular content into the cytosol (13,18). However, we have shown that 
not all photosensitizers that localize in endocytic vesicles are equally efficient 
in photochemical transfection. The most potent photosensitizers for photo¬ 
chemical transfection found so far seem to be TPPS 2 a and AlPcS 2 a (Pras- 
mickaite et al., submitted). TPPS 2 a AlPcS 2 a have two sulfonate groups on 
adjacent phenyl or phthalate rings (Fig. 2), making the photosensitizer mol¬ 
ecules amphiphilic; therefore, they primarily localize not in the matrix but in 
the membranes of endocytic vesicles (13,19). Upon light exposure, such pho¬ 
tosensitizers destroy mainly vesicular membranes, whereas the content of the 
organelles (e.g., transfecting DNA) remains less affected. 

7. 1.3. Photochemically Induced Cytotoxicity and Photodynamic 
Therapy of Cancer 

It should be mentioned that photochemical treatment in general induces cyto¬ 
toxic effects and reduces cell survival. This fact has been successfully applied 
for therapeutic purposes in PDT, a cancer treatment modality in which the light 
exposure leads to photosensitizer-induced cytotoxic effects that kill the cancer 
cells (20,21). In vivo many photosensitizers preferentially accumulate in tumor 
tissue compared with surrounding normal tissue (20). The increased tumor 
uptake and retention of the photosensitizers seems to be related to certain prop¬ 
erties of tumor tissue such as leaky vasculature, poor lymphatic drainage, the 
uptake by tumor-infiltrating macrophages of aggregated photosensitizers, and 
low pH in tumors (20,21). A more specific uptake via the low-density lipopro- 
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tein (LDL) pathway might also play a role, since malignant cells, expressing 
elevated levels of LDL receptors, may take up lipophilic photosensitizers that 
bind to the LDL in the bloodstream (22). 

The level of cytotoxicity depends on the light dose and the properties of the 
photosensitizer, such as its intracellular localization. Thus, for example, lyso¬ 
somal rupture mediated by light-activated lysosomally localized photosensi¬ 
tizers seems not to be lethal per se, i.e., cells can survive a partial release of 
their lysosomal content induced by photochemical treatment (13,18). This fact 
is important for photochemical transfection, since photochemically treated 
transfected cells still must be able to express a transgene. 

1.2. Potential of the PCI Method for In Vivo Gene Therapy: 
Advantages and Disadvantages 

So far photochemical transfection has been applied only for transfection of 
cells in culture; however, the advantages that this method could potentially 
provide make it particularly interesting for gene therapy in vivo. 

The dependence of photochemical transfection on light treatment allows the 
possibility of directing the expression of a therapeutic gene to a specific loca¬ 
tion in the body, since only areas exposed to light will exhibit the increased 
transfection. For many kinds of therapeutic genes, like “suicide genes” or genes 
stimulating antitumor immune response (e.g., cytokine genes), the site-spe¬ 
cific expression achievable by photochemical transfection can be very advan¬ 
tageous, because it strongly reduces the risk of unwanted effects of the 
therapeutic gene outside the disease area. 

Limited light penetration in tissues is a disadvantage of the method for in 
vivo use, since cells distant from the light source will not be affected by the 
treatment. Based on experience from PDT efficient light penetration, exploit¬ 
able for PCI, up to 1 cm could be expected (23). However, this can also be 
considered an advantage since the limited light penetration means that the 
increased gene expression can be effectively confined to specific locations in 
the body. Moreover, illumination by interstitial fibers or via internal cavities or 
blood vessels by means of optical fiber devices allows cellular targets to be 
reached at many different locations in the body, e.g., in the lungs, pancreas, 
gastrointestinal tract, or brain (20). 

A potential drawback for both in vitro and in vivo applications of photo¬ 
chemical transfection is that the photochemical treatment induces cytotoxicity. 
We have previously shown that maximum transfection in surviving cells is 
achieved at photochemical doses killing about 50% of all cells (5). In several 
clinical situations this cell killing cannot be tolerated; however, in many cases, 
e.g., for cancer therapy, it represents no problem or may even be beneficial. 
Also, in many gene therapy approaches immunologic responses or “bystander 
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effects” (24-26) will play a major role, possibly making it unnecessary with 
very high transfection efficiency to achieve the desired therapeutic response. 
Furthermore, peptide sequences that can confer transport of therapeutic gene 
products into neighboring nontransfected cells have recently been described 
(27). In many of these settings it may be more important to have a strict speci¬ 
ficity in gene delivery rather than to achieve maximally high transfection effi¬ 
ciency, potentially making the specificity obtainable with photochemical 
transfection very valuable. It should also be noted that the technology is still 
far from optimal, and it is conceivable that under certain conditions a high 
efficiency of transfection could be achieved while maintaining cell viability. 

In summary, compared with other gene delivery methods, photochemical 
transfection has several potential advantages: 1) it is a site-specific method, 

1. e., functional genes will be delivered and expressed only in areas that are 
exposed to light, reducing the risk of side effects; 2) the size of the nucleic 
acids to be delivered is not restricted; thus it should be functional with very 
large DNA molecules, as well as with DNA- or RNA-based oligonucleotides; 
and 3) the method can probably be combined with most other means for gener¬ 
ating site and tissue specificity. 

1.2.1. Photochemical Internalization In Vivo 

We have already demonstrated the in vivo potential of the PCI technology 
in an animal model, by using the method to deliver the plant toxin gelonin to 
subcutaneous tumors (Selbo et al., submitted). Normally the toxicity of gelonin 
is limited because it is incapable of escaping from endocytic vesicles; there¬ 
fore, if administrated alone, gelonin shows no effect on tumor growth. How¬ 
ever, the cytotoxic potential of gelonin was increased tremendously by the 
photochemical treatment, which induces photochemical internalization of 
gelonin, resulting in complete tumor regression in 67% of treated mice. The 
conditions for administration of the photosensitizer and light treatment estab¬ 
lished in this study could also be used for the in vivo photochemical internal¬ 
ization of genes, since generally the optimal conditions for the photochemical 
treatment are largely independent of the molecules to be internalized. 

2. Materials 

2. 1. Cell Culture 

1. Adherent cells to be transfected, cultured according to recommendations. 
Nonadherent cells may also be used but have not so far been evaluated for photo¬ 
chemical transfection. 

2. Cell growth medium supplemented with 10% fetal calf serum (FCS), 100 U/mL 
penicillin, 100 pg/mL streptomycin, and 2 vaM glutamine (all Bio Whittaker, 
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Walkersville, MD). Store at 4°C. (We routinely use RPMI-1640 medium; how¬ 
ever, other culture media can be used if recommended for the cells to be trans¬ 
fected.) 

2.2. Stock Solution of the Photosensitizer AIPcS 2 a 

1. The photosensitizer aluminium phthalocyanine with two sulfonate groups on 
adjacent phthalate rings (AlPcS 2 a; Porphyrin Products, Logan, UT). 

2. 0.1 MNaOH. 

3. Phosphate-buffered saline (PBS): 0.2 g/L KCl, 0.2 g/L KH 2 PO 4 , 8.0 g/L NaCl, 
1.15 g/L Na 2 HP 04 . Sterilize by fdtration and store at 4°C. 

2.3. Preparation of DNA/poiy-L-Lysine Complex 

1. Plasmid DNA, stock solution at 5 mg/mL in TE buffer (10 mMTris-HCl, pH 7.5, 
1 mMEDTA). Sterilize by fdtration and store at -20°C. 

2. Poly-L-lysine hydrobromide (MW 20,700; Sigma, St. Louis, MO). To make stock 
solution (1 mg/mL), dissolve 1 mg poly-L-lysine in 1 mL distilled water. Steril¬ 
ize by filtration and store at 4°C. 

3. Distilled water. Autoclave and store at 4°C. 

4. Sterile polypropylene microcentrifuge tubes. 

2.4. Photochemical Transfection 

1. 6 -well cell culture plates (cat. no. 3506, Costar), 

2. Sterile tubes. 

3. Light source for excitation of AlPcS 2 a at 670 nm (see Note 1). 

3. Methods 

The following protocol is for photochemical transfection of adherent cells 
in a 6-well culture plate (well diameter 3.5 cm). Amounts and volumes pre¬ 
sented below are calculated for one such well but can be adjusted accordingly 
to any other cell culture plate, cell number, and volume. 

3.1. Preliminary Experiments to Find the Light Dose 

The light dose to be used for induction of photochemical transfection has to 
be found in advance. Thus cell survival as a function of light dose has to be 
measured individually for every cell line and for every light source; the light 
dose killing about 50% of the cells is recommended as a starting point (see 
Note 1). Cell survival can be measured by one of the common cell survival 
tests such as the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro¬ 
mide) (MTT) test, clonogenic analysis, protein synthesis, or another test estab¬ 
lished in an individual laboratory. 
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3.2. Preparation of Adherent Cells for Photochemical 
Transfection 

The cells are seeded out 1 day before the experiment. In a 6-well culture 
plate, seed cells in 2 mL/well of growth medium containing 10% PCS. The 
number of cells seeded out per well depends on the cell size and cell growth, 
however, the cells are usually 50-70% from confluency at the start of the incu¬ 
bation with the DNA complex. (Higher and lower cell densities may also be 
used; therefore adjust the seeding density for every cell line; see Note 2). 

3.3. Preparation of AIPcS 2 a solutions 

Work in subdued light {see Note 3). 

3.3.1. Preparation of Stock Solution (5 mg/mL) 

1. Dissolve 5 mg of AlPcS 2 a in a small volume (approx. 0.1-0.2 ml) of 0.1 MNaOH. 

2. Dilute with PBS to a final volume of 1 mL. (The photosensitizers usually dis¬ 
solve well this way. If higher concentrations are needed or complete solubiliza¬ 
tion of the photosensitizer is difficult, we recommend sonicator bath treatment of 
the solution.) 

3. Sterilize by filtration, and store at -20°C in small aliquots for up to 6 months. 
Can be used several times after thawing and freezing {see Note 3). 

3.3.2. Preparation of Working Solution (20 [ig/mL) 

Working solution should be freshly made before application to the cells. 
Add 4 pL of AlPcS 2 a stock solution (5 mg/mL) to 1 mL of growth medium 
containing 10% PCS. 

3.4. Preparation of the Plasmid DNA/Poly-L-LysIne Complex 

The complex should be freshly prepared before application to the cells {see 
Note 4). 

We routinely make the complex with a charge ratio of 1.7 {see Note 5); 
therefore, the amounts presented below correspond to a complex with a charge 
ratio of 1.7. 

1. Prepare plasmid DNA solution in a separate sterile microcentrifuge tube: 5 pg of 
plasmid DNA (we use 1 pL of DNA stock solution, 5 mg/mL) diluted to 75 pL in 
sterile water. Gently mix by pipetting the solution several times. Do not vortex. 

2. Prepare poly-L-lysine solution in a separate sterile mierocentrifuge tube: 5.33 pg 
of poly-L-lysine (i.e., 5.33 pL of stock solution, 1 mg/mL) diluted to 75 pL in 
sterile water. Gently mix by pipetting the solution several times. Do not vortex. 

3. Slowly transfer the poly-L-lysine solution {see step 2) into the microeentrifuge 
tube eontaining the DNA solution {see step 1). The final volume of the mixture is 
150 pL. Gently mix by pipetting the mixture several times. Do not vortex. 
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Fig. 3. Experimental scheme. 


4. Leave the mixture on the bench at room temperature for 30 min to allow forma¬ 
tion of the DNA/poly-L-lysine complex. 

5. Transfer the whole DNA/poly-L-lysine mixture into another sterile tube contain¬ 
ing growth medium to bring the final volume to 1 mL. Mix carefully by pipetting 
several times. The solution is now ready for application to the cells {see Note 6). 

3.5. Photochemical Transfection 

All the procedures starting from here should be carried out in subdued light 
(see Note 7). A simplified experimental scheme is presented in Fig. 3. 

1. Remove the growth medium from cells seeded out 1 day before the experiment 
(see Subheading 3.2.) and add 1 mL of growth medium containing 20 pg/mL 
AlPcS 2 a (see Subheading 3.3.2.). 

2. Incubate overnight, i.e., for 16-18 h at 37°C in a CO 2 incubator. 

3. Remove the medium containing AlPcS 2 a and wash the monolayer three times 
with growth medium. 

4. Add growth medium containing freshly prepared plasmid DNA/poly-L-lysine 
mixture (see Subheading 3.4.). 

5. Incubate at 37°C in a CO 2 incubator for the desired time. We usually incubate for 
4-6 h (see Note 8). 

6. Remove the medium containing the DNA/poly-L-lysine complex and wash the 
cells once with growth medium. 

7. Add 2 mL of growth medium. 

8. Expose the cells to light. The optimal light exposure time depends on the cell line 
used; the light source and should therefore be determined individually (see Note 1). 

9. Grow the cells further in the dark for 2 days (see Note 9) and analyze for transgene 
expression (see Note 10). 

4. Notes 

1. The light source used in our laboratory so far was homemade many years ago, 
and this complicates the reconstruction of an identical light source. However, 
any light source with suitable characteristics (see below) could be used. For every 
cell line to be transfected the treatment should be calibrated, since the light deliv¬ 
ered from different lamps will be different and also the optimal light dose will 

















Photochemical Transfection Methods 


131 


Cell culture dish 


Light 

Light tubes' 


Long pass filter 




B 




Wavelength (nm) Wavelength (nm) 

Fig. 4. (A) Design of the light source. (B) Lamp spectrum and AlPcS 2 a absorption 
spectrum. 


vary between different cell lines. We routinely do calibration by measuring cell 
viability using one of the common cell survival tests (depending on the cell line), 
such as the MTT test, clonogenic assay, or measurement of protein synthesis. 
Generally a light dose killing about 50% of the cells would be a good starting 
point for photochemical transfection. We usually use light doses that give from 0 
to 50% cell killing. In designing the light source the following points should be 
taken into consideration: 

a. The light source should deliver light of a wavelength suitable for excitation of 
AlPcS 2 a, which has an absorbtion peak at 670 nm (Fig. 4B). It is also an 
advantage to avoid too much UV light, since UV light may induce cytotoxic 
effects. However, AlPcS 2 a absorbs UVA light, and the UVA light doses 
needed for inducing photochemical reactions by means of AlPcS 2 a will usu¬ 
ally be too low to induce cytotoxic reactions alone. If necessary, a filter 
excluding UV light may be employed. Furthermore, infrared emission from 
the lamp may lead to hyperthermia. It is therefore necessary initially to test 
the irradiation from the lamp for cytotoxic effects on the cells. We recom¬ 
mend that the light doses employed should be at least 3 times less than what 
causes toxic effects. If light-induced toxicity is experienced, we recommend 
the use of a fan or another cooling device. So far we have used a bench with 
four light tubes (model TL 20W/09, Philips) and a long-pass filter, with a 
cutoff at 550-600 nm (Fig. 4A). The light intensity, reaching the cells placed 
above the light tubes on the filter, is 13.5 W/m^. 
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b. The light source should generate a homogeneous light field in the area where 
the cells are illuminated. 

c. Although light penetrates the plastic dish before reaching the cell monolayer 
(Fig. 4A), the type of plastic dish does not seem to influence the results. 

2. It should be noted that photochemical treatment is toxic for the cells, whereas 
only surviving cells can express the photochemically transfected gene. Since 
maximum transfection efficiency in the surviving cells is achieved at photochemi¬ 
cal doses killing about 50% of all cells (i.e., at D 50 ), it should be taken into con¬ 
sideration that under the conditions giving the maximum transfection efficiency 
50% of all cells will be lost. This might be important when deciding on the amount 
of cells to start the experiment with in order to have enough cells at the end, for 
example, for measuring the expressed product of the transgene. 

3. AlPcS 2 a is a relatively photostable photosensitizer; however, we recommend pro¬ 
tection of the photosensitizer solutions from light to avoid possible light-induc¬ 
ible damage to the photosensitizer itself. The photosensitizers may also aggregate 
after long-time storage or repeated freezing and thawing. Aggregation will reduce 
the efficacy of the photosensitizer and should be avoided. Usually the color of 
the stock solution of AlPcS 2 a ** dark blue, and change of the color is usually a bad 
sign indicating aggregation or decomposition of the photosensitizer. In this case 
the quality of the stock solution should be checked by measuring the phototoxic 
effect on cells using cell viability tests. 

4. Other nonviral cationic transfection vectors than polylysine could also be tested 
for application in photochemical transfection. We have tried the cationic polypep¬ 
tide polyarginine, the cationic polymer polyethylenimine (PEI), different cationic 
lipids like dioleoyl-trimethyl ammonium propane (DOTAP), lipofectin, and oth¬ 
ers. In general, transfection mediated by polycationic vectors that did not show 
high efficiency alone in our cells (like polyarginine or PEI) was stimulated by 
light treatment. The effect of light on cationic lipid-mediated transfection was 
cell line dependent; transfection was stimulated in some cell lines and inhibited 
in other. Therefore readers are encouraged to try different transfection vectors 
applying the same main principles of photochemical transfection. 

5. We routinely use DNA/poly-L-lysine complexes with a charge ratio of 1.7 {see 
Subheading 3.4.). However, charge ratios in the range 1.0-2. 5 gave similar effi¬ 
ciency of photochemical transfection (5) ; therefore the readers might try other 
charge ratios as well. (The charge ratio is the number of positive charges pro¬ 
vided by the amino groups of polylysine divided by the negative charges pro¬ 
vided by the phosphate groups of DNA. DNA at 1 |ig has 3.03 nmol of phosphate 
groups, which are neutralized by the addition of 0.63 jag polylysine carrying 3.03 
nmol of amino groups, so that a charge ratio of 1.0 is obtained.) 

6 . The presence of ECS in the media during transfection with polylysine complexes 
increases the transfection efficiency by about twofold (5), but the method also 
works in serum-free media. This fact can be important when using cationic lipids 
as transfection vectors, where serum-free medium is usually recommended. 

7. It is important to work in subdued light after the step in which the photosensitizer 
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AlPcS 2 a is added to the cells, to avoid uncontrollable activation of the photosen¬ 
sitizer and to protect the cells from undesirable photochemical damage. There¬ 
fore all procedures should be carried on in a room with a subdued light, and cell 
culture plates should be protected from direct light (e.g., may be packed in alumi¬ 
num foil). 

8. To reduce damage to the plasma membrane, it is not recommended to expose the 
cells to light until at least 4 h after the removal of AlPcS 2 a. Therefore, we rou¬ 
tinely incubate the cells with the DNA complex in AlPcS 2 a-free medium for 4-6 
h {see Subheading 3.5., step 5) to ensure that most of the AlPcS 2 a bound to the 
plasma membrane is washed out or internalized into the cell before irradiation. 
This ensures that the light exposure does not induce extensive photochemical 
damage to the plasma membrane, which is lethal for cells, and that the main 
effect will be due to induced rupture of endocytic vesicles, where AlPcS 2 a local¬ 
izes. However, shorter incubation with the DNA complex (e.g., a 0.5-1-h pulse) 
is also possible, but in this case the cells should be chased first in photosensitizer- 
free medium before the incubation with the DNA complex, so that the total incu¬ 
bation time in AlPcS 2 a-free medium before irradiation is not shorter than 4 h. It 
should be noted that the time needed to remove the bulk of photosensitizer from 
the plasma membrane varies between cell lines, but usually 4 h of incubation in 
photosensitizer-free medium has been found to induce efficient photochemical 
internalization of macromolecules. 

9. It should be noted that photochemical treatment might temporarily inhibit tran¬ 
scription and translation (28,29); thus it may delay transgene expression. This 
should be kept in mind for deciding when after the treatment to measure the 
expression. Generally, we analyze transgene expression 1-3 days after light treat¬ 
ment, but this will depend on the transgene used, the cell line, the promoter 
employed, and so on. 

10. In the present text we have described the use of AlPcS 2 a, the photosensitizer with 
which we have the most experience in photochemical transfection. However, 
some other photosensitizers may also be used, e.g., we have shown that photo¬ 
chemical transfection works equally well with TPPS 2 a, whereas TPPS4 and 
Photofrin are less efficient (Prasmickaite et al., submitted). If other photosensi¬ 
tizers are to be used it may, however, be necessary to use other light sources than 
for AlPcS 2 a, to match the spectral characteristics of the different photosensitizers. 
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Direct Gene Transfer and Vaccination Via Skin 
Transfection Using a Gene Gun 

Chia-Feng Kuo, Jeng Hwan Wang, and Ning-Sun Yang 


1. Introduction 

Gene gun technology provides a useful means for direct transfer of DNA or 
RNA constructs that can result in transgenic protein expression from gene 
expression vectors ( 1 - 8 ). The system has been applied to a broad spectrum of 
experimental studies on transgenic research, gene therapy approaches, and 
genetic vaccinations {see Note 1). The technology was first reported by Yang 
et al. in 1990 ( 1 ) for in vivo and in vitro gene transfer into mammalian somatic 
tissues and was later extended to various ex vivo gene transfer systems, includ¬ 
ing excised tissue explants or clumps, organic tissues placed in culture vessels, 
and their derived primary cultures (9; see Note 2). 

During the past decade, the progressive development of gene gun devices 
and optimization of delivery parameters have created new methodologies for 
biologic research, such as assay of in vivo promoter activity in mammalian 
tissues (2; see Note 3), genetic immunization or nucleic acid vaccination ( 10 - 
16 ), transfection of cDNA expression libraries and profiling/elucidation of cor¬ 
responding antibody species and immune protection against known or unknown 
pathogenic antigens ( 17 , 18 ), cancer gene therapy and cancer vaccines ( 15 , 19 - 
24 ), skin wound-healing studies, and transgenic research into various leuko¬ 
cytes and hematopietic progenitor cells { 25 , 26 ; see Notes 4-7). It is important 
to note that both humoral and cell-mediated immune responses, as well as Thl 
and Th2 T-cell activity, can be effectively elicited by using gene gun-mediated 
vaccination of skin tissue in both small and large animals ( 27 ), and in humans 
{ 28 , 29 ; see Note 6) An update, upgrade, and confirmation of the art of the 
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Fig. 1. (A) The Accell gene gun device designed and created by Dr. D. McCabe 
and associates of Agracetus, Inc. (Middleton, WI) and distributed as a proprietary 
instrument by PowderJect Vaccine, Inc. (Madison, WI). (B) The Helios gene gun de¬ 
vice, developed as a modification of the Accell device, is now produced commercially 
by Bio-Rad. (C) In vitro gene delivery into attached monolayer cells using the Helios 
gene gun. (D) In vivo gene transfer into pig skin tissue using the Helios gene gun. 


particle bombardment method for gene transfer are therefore desirable and are 
reported on here. 

A number of gene gun devices were developed in the early stages of this 
technology ( 7 ). Then the Acell gene gun (a hand-held, helium gas pressure- 
propelled gene delivery instrument designed by Dr. D. McCabe) was distrib¬ 
uted under proprietary agreement by Aqracetus, Inc. and later by PowderJect 
Vaccine, Inc. (Madison, WI) (Fig, lA). The Helios gene gun (Fig. IB-D) (Bio- 
Rad, Hercules, CA) became available to public users in late 1997 and is still 
the only standardized and routinely applicable gene gun device that is cur¬ 
rently available commercially. A helium gas shockwave is used to propel the 
high-density DNA-coated gold particles to a very high velocity, efficiently 
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enough to penetrate the cell membranes of targeted cells/tissues, resulting in 
direct physical delivery of plasmid DNA or RNA at high copy numbers and 
dry form. In vivo gene transfer has been used most successfully for skin gene 
transfer. The operational procedure related to this method of gene transfer is 
reasonably simple and reliable. 

2. Materials 

2.1. Instrumentation 

1. The Dermal PowderJect-XR helium pulse gun (trademark of PowderJect Vac¬ 
cine), formerly known as the Acell, gene gun, is now commercially available 
from Bio-Rad as the Helios gene gun. Instructions for the mechanical operation 
and/or manipulation of the gene gun and associated devices are given in the 
manufacturer’s manual. 

2. Compressed helium of grade 4.5 or higher. 

3. Hearing protection device. 

2.2. Elemental Gold Particle Preparations 

Microscopic gold particles can be purchased from Degussa (South 
Plainfield, NJ). Gold particles of 2-3 pm were found to be the best for in vivo 
gene transfection into the skin (8), 0.7-1-pm gold beads for in vitro or ex vivo 
transfection of various leukocytes, lymphocytes, and other small cells in sus¬ 
pension, and 1 - 2 -pm gold beads for adhesive monolayer cells or cell aggre¬ 
gates and tissue clumps in culture (see Notes 1 and 2). It is important that these 
gold particles be obtained as elemental gold, not as gold salt or colloidal gold. 
If necessary, the gold particles can be washed and cleaned by rinsing them in 
distilled water, 70% ethanol, and 100% ethanol in sequence prior to use, and 
they can also be sterilized in phenol or CHCI 3 if necessary. It is important to 
examine each newly purchased gold particle preparation microscopically, mak¬ 
ing sure that the lot, particle size, and form are correct and appropriate as 
desired for the test systems. 

2.3. DNA Vectors 

A clean plasmid DNA dissolved in TE buffer (10 mMTris-HCl, pH 7.0, 1 
mMEDTA) or distilled water should be used for coating particles. Cocktails of 
different DNA vector systems or preparations can be mixed in desired molar 
ratios in aqueous solution and then effectively loaded onto gold particles as 
follows (see Note 8). 

For exploratory gene transfer experiments, convenient and sensitive reporter 
gene systems that have low endogenous activity background (e.g., Euciferase) 
are recommended for verification of transient gene expression systems. 


140 


Kuo, Wang, and Yang 


2.4. Coating of DNA onto Gold Particles and Gene Transfer 

1. 0.05 M spermidine or polyethyleneglycol (PEG) in H 2 O. Use fresh spermidine 
made weekly from a free-base solution (Sigma, St. Louis, MO). 

2. 1 mg/mL polyvinylpyrrolidone (PVP; Sigma). 

3. 2.5MCaCl2inH20. 

4. 100%ETOHkeptat-20°C. 

2.5. Treatment and Care of Skin 

1. Oster electric hair clippers with no. 40 blade (Fisher, Pittsburgh, PA). 

2. Tegaderm adhesive (3M, St. Paul, MN) or Scotch tape (3M). 

2.6. Tissue Extraction Buffers and Enzyme Assay Systems 

2.6.1. Luciferase Assay 

1. Extraction buffer: 100 |aL of cold 10% Triton X-100 in 9.9 mL of cold phosphate- 
buffered saline (PBS). 

2. Luciferase assay substrate (Promega, Madison, WI), dissolved in Luciferase assay 
buffer at a concentration of 13.33 mg/mL. 

3. Luminometer (Lumat LB 9507, Berthold Systems, Pittsburg, PA). 

2.6.2. X-Ga! Assay 

1. 5-Bromo-4-chloro-3-indolyl-8-D-galactoside (X-gal) substrate, dissolved in dim¬ 
ethyl formamide at a concentration of 40 mg/mL. 

2. Buffer solution: 44 mMHEPES, 15 mMNaCl, 1.3 mMMgCl 2 , 3 mM K+ ferri- 
cyanide, 3 mM ferrocyanide, pH 7.4. 

3. X-gal buffer: Add X-gal substrate to buffer solution, making a final solution of 1 
mg/mL. 

2.6.3. hAAT Assay 

1. Antibody dilution buffer: 5% fetal bovine serum (FBS) in PBS. 

2. First antibody: Goat anti-human aj-antitrypsin (Sigma) diluted in 50 mM car¬ 
bonate buffer at a concentration of 3 pg/mL. 

3. Second antibody: Rabbit anti-human aj-antitrypsin (hAAT)(Sigma) at least 
lOOOx diluted in dilution buffer. 

4. Third antibody: Goat anti-rabbit IgG (H-i-L), peroxidase-conjugated (Pierce, 
Rockford, IL) at least lOOOx diluted in dilution buffer. 

5. Substrate solution: Add 10 pL H 2 O 2 to 1 mL 3,3',5,5'-tetramethylbenzidine 
(TMB; Pierce) or 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)- 
diammonium salt (ABTS; Pierce). 

6. Blocking solution: 0.5% bovine serum albumin (BSA) and 0.01% sodium azide 
in PBS. 

7. Wash buffer: 0.05% Tween-20 in PBS, prepared freshly. 
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2.6.4. Cytokines and Other Transgenic Protein Products Assays 

General extraction buffer: 9.5 mL PBS (0.2 g potassium chloride, 0.2 g po¬ 
tassium phosphate monobasic, 8.0 g sodium chloride, and 1.15 g sodium phos¬ 
phate dibasic in 1 L distilled H 2 O), 2.4 mg serine protease inhibitor Pefabloc® 
SC (4-[2aminoethyl]-benzenesulfonylfluoride hydrochloride; Roche), 0.5% 
Triton X-100, pH 7.2. 

3. Methods 

3.1. Coating DNA onto Gold Particles 

1. Prepare DNA solution at a concentration of approx 1 pg/pL and store at 4°C. 

2. Decide how many cartridges (“bullets”) will be needed. One cartridge of the 
Helios gene gun device (conferring one transfection) contains approx 0.5 mg of 
gold particles. 

3. Assuming that 40 cartridges will be needed, weight 21 g of gold particles into a 
1.5-mL microcentrifuge tube. 

4. Add 250 pL of 0.05 M spermidine or PEG to the tube with the gold particles (e.g., 
use 200-300 pL for 20-50 mg and 400-450 pL for 120 mg). 

5. Vortex and sonicate for 3-5 s to break up gold clumps. 

6. Add DNA at 2.5 DNA/gold loading rate (2.5 pg DNA/mg gold particle) to 21 mg 
of gold. 

7. Add 250 pL of 2.5 M CaCh (or the same volume as spermidine) dropwise while 
vortexing the tube at a low speed. 

8. Incubate at room temperature for 10 min. While waiting, prepare a culture tube 
with 3 mL of 100% ETOH. 

9. Microcentrifuge for 3-5 s. Remove and discard the supernatant. Break up the 
pellet by flicking the tube. Add 0.5 mL of cold 100% ETOH dropwise while 
gently vortexing the tube and then 0.5 mL more of 100% ETOH. Mix by inver¬ 
sion. Wash the pellet with cold ethanol 3 times. 

10. Transfer particles into the culture tube containing 3 mL of 100% ETOH (7 mg 
gold particle/mL ETOH). Sonicate to disperse particles. Particle suspensions can 
be used immediately or stored at 4 or -20°C under stringent desiccation for 2- 
3h. 

3.2. Preparation of DNA Cartridges 

1. Sonicate DNA-coated gold particle suspension for 2-3 s, vortex, add PVP at 0.01 
mg/mL, sonicate again, and immediately load the suspension into the Tefzel tub¬ 
ing following the manufacturer’s instruction (Bio-Rad). 

2. Discard unevenly coated ends or portion of the tubing and cut the tubing into 0.5- 
inch pieces. Cartridges may be stored desiccated in a tightly sealed container at 
4°C for several weeks. 
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3.3. Animal Care and Skin Treatment 

1. Small experimental animals (including mouse, rat, hamster, and rabbit) usually 
do not need to be anesthetized for particle-mediated gene transfer into the skin. 
However, larger animals such as dogs and pigs in general need to be anesthetized 
before treatment by using ketamine (10 mg/kg body weight for intramuscular 
injection or 5 mg/kg for intravenous injection) or pentothal (12.5 mg/kg body 
weight for intramuscular injection or 5 mg/kg for intravenous injection) under 
the guidance of a consulting veterinarian as required by the Animal Welfare Act 
and administered by the institution’s Animal Care and Use Committee. 

2. Animal hair in the target area is removed with clippers and shearing blades. If a 
depilatory is used to remove stubble, animals should be anesthetized. 

3.4. Epidermis and Dermis Gene Transfer (see Notes 1,5, and 6) 

1. Allow the container with the DNA-gold cartridges to reach room temperature 
before opening. 

2. Attach the regulator to the compressed helium tank. Connect the feed hose to the 
regulator and gene gun, and then plug in the device. 

3. Load the prepared cartridges into the 12-chamber cartridge holder, following the 
manufacturer’s instructions. 

4. Put on a hearing protection device. Insert the loaded cartridge holder into the 
barrel of the gene gun device. Open the helium tank valve and the regulator valve. 

5. Adjust the discharge pressure to the desired setting (usually 250-500 psi). 

6. Restrain a mouse or other testing small animal in a hand or with a steady setup. 
Hold the nozzle of the device against the target skin area and discharge the device. 
If several skin transfections are required, turn the cartridge holder clockwise and 
discharge at another target skin area. 

7. If desired, apply a semiocclusive skin dressing such as Tegaderm (3M) or Opsite 
(Smith and Nephew, Hull, UK) to the transfected epidermis. 

8. To transfect dermal tissues, anesthetize a mouse, make an incision, and dissoci¬ 
ate the full-thickness skin tissue of the target size (approx 3.2 cm^) from the 
facies and muscle tissue using standard surgical procedures and tools. Flip the 
skin flap over, exposing the dermal tissue, and transfect the fibroblasts, muscle 
cells, and other stromal cell types. Moisten dermal tissues with sterile saline 
before closing. Close incision with sutures or wound clips. 

9. Collect skin samples from target sites at a designated time point for transgene 
activities or sequences as described in Subheading 3.5. 

3.5. Reporter Gene-Expression Assay (see Note 4) 

3.5.1. Tissue Extraction 

1. Collect transfected skin tissues from test animals by excising a small portion of 
the targeted skin area. A piece as small as 1-2 mm^ can be enough for Luc or X- 
gal reporter gene expression assays. The transgenic expression products may also 
be stripped off the target sites of the skin with Scotch tape or duct tape. 
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2. Drop the freshly excised skin piece or tape into a tube with the appropriate buffer 
(0.2-0.5 mL) and keep on ice if performing the assay right away; otherwise freeze 
at -20°C. 

3. Cut with scissors, grind, or homogenize the frozen skin or tape immediately 
before carrying out the assay. The samples should be kept on ice. 

4. Sonicate and then centrifuge the sample at a high speed to separate the tissue or tape 
from the lysate. Crude tissues extracts are used for various reporter gene assays. 

3.5.2. Luciferase Assay 

1. After lysate has been collected, prepare dilutions in PBS if necessary. 

2. Add 100 pL Luc assay substrate and 20 pL extraction buffer to the tube, and 
vortex. 

3. Read relative light units in a luminometer and run a standard curve to quantify 
the results. 

3.5.3. X-Gai Staining 

1. Perform whole-mount tissue staining by placing the excised skin target into X- 
gal buffer. For best results, glue the skin tissue onto the surface of a 35-mm dish 
and keep the skin stretched out for better examination. The tissue can also be 
fixed in methanol/acetone (1:1) for 10 min and then stained with X-gal buffer. 

2. Section the tissue into approx 10-pM sections by cryostat microtome or paraffin 
sectioning. Place the slide in a cold 1.5% glutaraldehyde solution for 10 minutes, 
and wash in cold PBS 5X for 5 min. Then stain the tissue slides with X-gal buffer 
for 1 hr. Avoid prolonged staining, because it can often result in a nonspecific 
greenish blue background that can develop in hair follicles of certain skin tissues. 

3.5.4. hAATAssay 

1. Add 100 pL of skin tissue extract or tape-stripped cell extract to a 96-well plate 
precoated with anti-hAAT antibody. 

2. Incubate at 37°C for 1 h. Add 90 pL of the second antibody (rabbit anti-hAAT, at 
least lOOOx diluted), and incubate again for 1 h. 

3. Wash 3-5 times with wash solution (300 pL/well). 

4. Add 85 pL of the third antibody (anti-rabbit, at least 1 OOOx dilution) and incubate 
for another 1 h. Wash 3-5 times. 

5. Add 80 pL substrate solution. Allow color formation at room temperature for 
1/2-1 h. 

6. Measure transgenic hAAT levels by an enzyme-linked immunosorbent assay 
(ELISA) reader. 

3.5.5. Cytokine Assay 

ELISA tests are usually used for eytokine quantification. They may be pur¬ 
chased as a kit or antibody pair samples and used in a sandwich-style assay. 

The ELISAs can be run using skin crude tissue extract (with a general extrac¬ 
tion buffer) or tape-stripped cell extract. 
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4. Notes 

1. The gene gun method for gene transfer can be applied to a broad range of tissues 
and cell types; a key feature of this technology is its applicability to in vivo gene 
transfer to various organs, especially the epidermal skin cell layers (1-4). The 
latter case thus permits a powerful nucleic acid- or gene-based vaccine strategy. 

2. Two key technical advantages were observed for the particle-mediated gene 
delivery method: 1) a very wide DNA range (1 ng-10 |Ug/dose/transfection site) 
can be delivered into a 3-5-cm^ surface area of targeted tissues, resulting in dif¬ 
ferent efficacies of transgene expression, depending on target cells, tissues, or 
organ types as well as the in vitro, ex vitro, or in vivo experimental conditions; 
and 2) there is little or no restriction on the size or form of testing DNA, at least at 
a molecular size <40 kb as double-stranded DNA (1-6,8). 

3. The gene gun technique has been shown to provide an excellent experimental 
system for in vivo and in vitro assays of promoter strength, targeting various mam¬ 
malian somatic tissues (2,5). 

4. Various transgenic proteins expressed by reporter transgenes (e.g., Luciferase and 
P-Gal), candidate therapeutic genes (e.g., glanulocyte macrophage-colony-stimu¬ 
lating factor or interleukin-12) or vaccine/antigen genes (e.g., influenza, foot and 
mouth disease, hepatitis B) have been readily detected at 0.6-2 ng for cytokines 
and luciferases, 0.2-5 pg or higher for relatively stable proteins such as human 
growth hormone or human tti anti-trypsin, and 10-200 pg for specific viral pro¬ 
tein antigens (N.-S. Yang et al., unpublished data). 

5. The high accessibility of the skin as an exposed tissue and the organization of the 
epidermis make the skin an excellent target for gene gun-mediated gene transfer, 
not only for genetic vaccination against infectious diseases, but potentially also 
for serving as a transgenic bioreactor for gene therapy approaches, including 
cytokine gene therapy for cancer and DNA cancer vaccines, using either in vivo 
or ex vivo gene delivery strageties (9,30). 

6. It is estimated that epidermal Langerhan cells and dendritic cells make up to 5% 
of the skin tissues, and it is believed that such cells are responsible for presenting 
the immunogens produced as transgenic proteins or peptides via skin transfection 
using a gene gun. This experimental system, applicable to small and large experi¬ 
mental animals and apparently also in humans (e.g., with U.S. Food and Drug 
Administration/National Institutes of Health authorized clinical trial studies) (28, 
29), may serve in the future as a highly valuable system for transgenic, cell bio¬ 
logic, and molecular studies of cellular and humoral immunities. 

7. Gene gun technology has also been applied in clinical trials of human gene therapy 
as a cancer vaccine, as a hepatitis B DNA vaccine, and for HIV gene therapy 
approaches (17,18,32,33). 

8. Other than DNA and RNA (8,20), peptide nucleic acid (PNA) (31) may also be 
effectively employed as a vector for gene-based vaccination using gene gun 
delivery. 
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Preparation of Pseudotyped Retroviral Vector 

Hong Yu 


1. Introduction 

Retroviral vectors derived from murine leukemia retrovirus (MuLV) have 
been widely used for efficient gene transfer to achieve long-term expression of 
a chosen therapeutic gene in mammLian cells (1). Disadvantages of this vector 
are the instability and low viral titers generated from packaging cells, low effi¬ 
ciency of gene transfer into human cells, especially in vivo, and the require¬ 
ment for dividing cells. Some authors have attempted to increase the 
transduction efficiency by using strategies like low-speed centrifugation of 
viral supernatant with cells, multiple viral exposures (2), or increasing viral 
titers by ultracentrifugation (3)-, they were able to produce an average trans¬ 
duction efficiency of 10-60%. However, all such improvements in transduc¬ 
tion efficiency require additional procedures, which are practically inefficient. 

The envelope G glycoprotein from the vesicular stomatitis virus (VSV-G) 
has been used to construct a pseudotyped MuLV with significant improvement 
in stability and transduction efficiency (4,5). VSV-G pseudotyped MuLV 
(VSV-G/MuLV) can be concentrated to titers exceeding 10^ colony-forming 
units (cfu)/mL through ultracentrifugation with minimal loss of infectivity (6). 
This pseudotyped vector has a much broader host range than the vectors with 
the conventional amphotropic Env and has been successfully used to transfer 
genes into human peripheral blood lymphocytes (7,8), leukocytes (9), hepato- 
cytes (10), and vascular tissues (11). This chapter reviews the principles and 
procedures involved in generating such pseudotyped retroviral vectors. 
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1.1. MuLV Pseudotyped with VSV-G Protein 

Retrovirus contains two single-stranded RNA molecules associated with gag 
proteins and pol protein in a core structure. An estimated 100-300 env proteins 
protrude from the lipid bilayer of the particles. The packaging cells are geneti¬ 
cally engineered to supply the env, pol, and gag sequences that encode the 
structural proteins necessary for the formation of the viral particle. Recombi¬ 
nant retroviral vectors are usually produced from a packaging cell line trans¬ 
fected with a retroviral vector DNA that is transcribed inside the cell; the 
resulting RNA is recognized by the structural proteins and packaged into 
retroviral particles that bud off from the plasma membrane. More details on 
retroviral vectors can be obtained from earlier chapters of this book. 

The MuLV virus has a low transduction efficiency and is unstable. The enve¬ 
lope protein, a key component for efficient transduction, is composed of two 
subunits, a soluble unit and a transmembrane unit. The Env proteins interact 
with protein receptors on the cell surface to initiate internalization of the virus. 
The soluble unit of the envelope is easily shed from the viral particle, resulting 
in inactive Env protein. The labile structural characteristics of the envelope 
protein is thought to be a main reason for the unstable retrovirus. Therefore, 
modification of envelope components might result in a more stable particle. 

VSV-G, an envelope protein from VSV, is a single chain protein. Emi et al. 
(12) demonstrated that the VSV-G protein could completely replace the env 
protein of MuEV and produce an infectious MuEV-based viral vector called 
VSV-G pseudotyped MuEV. VSV-G has been demonstrated to interact with 
phospholipid components of the plasma membrane (13-15). Since virus entry 
seems not to be dependent on the presence of specific protein receptors, VSV- 
G/MuEV has a broader host range than that of a traditional retrovirus. 

1.2. Packaging Ceii for VSV-G Pseudotyped MuLV 

VSV-G pseudotyped MuEV was originally produced from transient trans¬ 
fection of the 293T cell line with three plasmids: gag-pol expression plasmid, 
VSV-G expression plasmid, and retroviral vector plasmid (Fig. 1). Human 
293T, a subline of Ad5-transformed embryonic kidney cell line 293, is chosen 
because it is more transfectable than the NIH 3T3 cell, from which most 
retroviral producer cell lines have been derived. In addition, the 293T cell line 
contains the simian virus 40 (SV40) large tumor antigen, whose expression 
may increase the replication of vectors containing the SV40 origin of 
replication. 

Because VSV-G protein is toxic to the cell, stable expression of the protein 
was not achieved, and a packaging cell line had not been available until an 
inducible promoter was applied. The stable packaging cell lines for production 
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Fig. 1. Schematic representation of plasmids used for the production of viral vec¬ 
tors. CnBgSN is a viral vector plasmid carrying the lacZ reporter gene and the neo’’ 
drug-resistant gene. HIT60 is a plasmid carrying gag and pol viral genes. CVG is the 
plasmid for VSV-G envelope expression. 


of VSV-G/MuLV have been developed by applying a tetracycline-modulated 
promoter (16,17) or a recombination required system (18) for the controlled 
expression of VSV-G to minimize its associated toxicity. 

In the packaging cell lines, the gag-pol genes are constantly expressed. In 
the tetracycline-regulatable promoter system, expression of the VSV-G gene is 
inhibited in the presence of tetracycline. Remove of tetracycline from the cul¬ 
ture medium allows high expression of VSV-G and production of infectious 
viral particles. In the recombination-required system, the expression of VSV- 
G is completely silent because the RNA transcript terminates before the VSV- 
G coding sequence. By introducing Cre recombinase via adenovirus vector, 
the RNA transcript terminates are excised through a site-specific recombina¬ 
tion, and VSV-G can be transcribed (18). Here we have only used the tetracy¬ 
cline-modulated packaging cell line to generate stable producer cells for the 
production of VSV-G pseudotyped MuLV vectors. 

1.3. Transduction Efficiency 

Transduction efficiency of VSV-G/MuLV ranges from 70 to 95%, which is 
much higher than that of the tranditional amphotropic MuLV vector (10-50%). 
At the same multiplicity of infection (MOI), the transduction efficiency of 
VSV-G/MuLV remained about four-fold higher than that of Ampho/MuLV 
(11). This high transduction efficiency could be a result of several factors: 
more stable VSV-G glycoprotein, and more receptors available for virus bind¬ 
ing, which potentiates binding efficiency of the VSV-G pseudotyped virus to 
the cells. 

By using the VSV-G pseudotyped vector, we may omit the step of selection 
of the transduced cells because most cells will be transduced with the vector. 
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This can significantly reduce the amount of time required for application of 
gene therapy. 

1.4. Pseudotransduction 

VSV-G/MuLV-mediated gene transfer has been reported to cause 
pseudotransduction (protein transfer) (7,10). However, we have demonstrated 
via four different experiments that there was no protein transfer via the viral 
particles (11). First, cotransfection of viral vector DNA with a nonviral vector 
DNA carrying the lacZ gene was performed to generate a viral vector. The 
proteins (B-Gal) expressed from the nonviral vector in the producer cells could 
not be transferred to recipient cells via the viral particles generated from the 
cotransfection. This demonstrated that no protein transfer occurred via the viral 
vector. 

Second, transduction was correlated with viral reverse transcriptase activ¬ 
ity. When the activity of reverse transcriptase was blocked during transduc¬ 
tion, targeted protein expression was not detected in the recipient cells, thereby 
indicating that the transduction was a result of reverse transcription from RNA 
into DNA. 

Third, gene transfer using the MuLV vector requires cells to be dividing 
(19), whereas protein transfer is independent of cell proliferation. When the 
proliferation of recipient cells was arrested with y-irradiation, no cells were 
able to be transduced. The correlation of transduction and cell proliferation 
further supports the conclusion that no protein transfer occurs with the VSV-G 
pseudotyped vector. 

Fourth, gene expression resulting from the transduction was stable. For 
pseudotransduction, the amount of transferred protein would be limited and its 
protein activity transient. Thus, after several passages, the population of cells 
retaining the transferred protein would decrease. On the other hand, the expres¬ 
sion of the protein resulting from the transferred gene would be stable and the 
population of the cells possessing the gene would not decrease with passage. 
High protein expression of the transduced gene was detected following nine 
passages after transduction, indicating that the protein detected in the trans¬ 
duced cells truly arose from gene expression. 

The viral supernatant reported with pseudotransduction was processed 
through ultracentrifugation, whereas we used the supernatant directly collected 
from cell cultures without concentration. Perhaps ultracentrifugation altered 
the pseudotyped vector, leading to pseudotransduction. 
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1. Human 293 cells. The Humna 293T/17 cell line can be obtained from the Ameri¬ 
can Type Culture Collection (CRL11268) (20). Cells are maintained in 
Dulbecco’s modified Eagle’s medium (DMEM; Gibco BRL, Gaithersburg, MD) 
supplemented with 10% fetal bovine serum (FBS) and 2 mM glutamine (Gibco 
BRL). 

2. The 293/GPG cell line, a VSV-G/MuLV packaging cell line (17), is maintained 
in the DMEM medium described above with the addition of 1 |ig/mL tetracycline 
(Sigma), 2 mg/mL puromycin (Sigma), 0.3 mg/mL G418 (Gibco BRL), and 1 
mM sodium pyruvate (Gibco BRL). 

3. VSV-G/MuLV producer cells are also maintained in the same medium as the 
packaging cells with tetracycline. To produce virus, the cells are cultured in the 
production medium, which is the same as the maintenance medium but without 
tetracycline, puromycin, or G418. All cells were maintained in a humidified 3 7°C 
incubator with 5% CO 2 . 

4. Phosphate-buffered saline (PBS): 0.9% NaCl, 0.0144% KH 2 PO 4 , 0.0795% 
K 2 HP 04 * 7 H 20 (all w/v), pH 7.2 

5. Trypsin-EDTA: 0.05% trypsin, 0.53 mMEDTA*4Na (Gibco BRL), stored at 4°C. 

6 . Tissue culture dishes (100-mm diameter). 

2.2. Plasmids 

1. The retroviral vector pCnBgSN (21) contains a lacZ gene encoding nuclear-lo- 
calized B-Gal and a neomycin resistance gene {neo') encoding for neomycin 
phosphotransferase. The lacZ expression is driven by the hybrid 5' cytomega¬ 
lovirus (CMV) long terminal repeat (LTR) promoter, and the neo'' is controlled 
by a Simian virus 40 (SV40) promoter (Fig. 1). 

2. Plasmid pHIT60 is a Moloney (Mo) MuLV Gag- and Pol-expressing plasmid, 
whose expression is driven by a CMV promoter (22). Use only JM109 cells to 
grow this plasmid. 

3. Plasmid pCVG is a CMV-driven VSV-G expression vector (11). 

4. All plasmid DNA can be purified from E. coli using a Qiagen (Valencia, CA) 
Plasmid Kit. 

2.3. DNA Transfection 

1. 2xHBS: 50mMHEPES,pH7.1,280mMNaCl, 1.5 mM Na 2 HP 04 , lOmMKCl. 

2. 2MCaCl2. 

3. Sodium butyrate, 0.5 M, filtered and stored at -20°C. 

4. Sterile distilled water. 

5. Sterile 5-mL conical tubes and 1-mL pipets. 
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2.5. Virus Transduction 

1. Polybrene (hexadimethrine bromide, H-9268; Sigma) stock solution (8 mg/mL). 

2. G418 (neomycin phosphotransferase or Geneticin; GIBCO/BRL) stock solution 
(50 mg/mL). 

3. X-Gal staining solution: prepare X-Gal in stock (40 mg/mL, Gibco BRL), and 
dilute just before use 1:40 with X-Gal staining buffer: 2 mM ]VIgCl 2 , 5 mM 
K 3 Fe(CN) 6 , and 5 mM K 4 Fe(CN )6 in PBS. 

4. 10% formaldehyde. 

3. Methods 

3.1. Generation of VSV-G/MuLV from a Transient Transfection 

VSV-G/MuLV vectors can be generated from a transient three-plasmid 
transfection system (22). 293T/17 cells are transfected by calcium phosphate 
precipitation with plasmids pCnBgSN (or any viral vector you have), pHIT60 
(for gal-pol), and pCVG (for VSV-G). The viral titers range from 10® to 10^ 
cfu/mL {see Note 1). 

1. Day 1. Prepare DNA and cells. For transfection in one 100-mm plate, 10 pg of 
each of the three plasmids is needed: pCnBgSN, pHIT60, and pCVG. Calculate 
the volume and pipet all required volume into a sterile microfuge tube. Add H 2 O 
to make the total volume 100 pL. Add 1/10 volume (10 pL) of 3 M NaAc, 2.6 
times volume (260 pL) of absolute ethanol. Place at -20°C overnight. 

2. Trypsinize the 293T/17 cells (80% confluent) on a 100-mm tissue culture dish 
and pass them in 1:4 dilution. Culture overnight (15-18 h) at 7°C. 

3. Day 2. Cells should be about 60% confluent. Change medium on the plate with 
fresh 10 mL medium and keep culturing. Perform transfection within 4 h after the 
medium change. 

4. About 2 h after medium change, centrifuge DNA at 12,000g for 20 min at 4°C in 
a microfuge. The DNA pellet may be washed with 70% ethanol. Remove the 
supernatant, and air-dry the pellet for about 10 min inside a tissue culture hood. 
The pellet should appear clear at this point. 

5. Add 438 pL of FI 2 O to dissolve the DNA pellet completely. Transfer the solution 
to a 5-mL sterile polypropylene tube. 

6. Add 62 pL of 2 M CaCl 2 to the tube containing the DNA. This should be done 
slowly drop by drop. Do not mix. Leave it in the hood for 5 min. 

7. Using a sterile 1-mL plastic pipet, take up 500 pL of 2x HBS. Insert the pipet into 
the DNA/CaCl 2 mixture until the tip is just above the bottom of the tube but not 
touching it. Very gently, add the FIBS to the bottom, and then blow 30 bubbles. 
Do not mix. Cap the tube and leave it in the hood for 30 min for precipitate to 
form. A fine milky precipitate should be seen. 

8. Using a 1-mL pipet, gently pipet up and down the DNA precipitate a few times. 
Add the precipitate to the 293T cell plate drop by drop while rocking the plates. 
Incubate at 37°C overnight. 
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9. Day 3, morning. Wash the cells with 5-mL prewarmed PBS to remove the pre¬ 
cipitate. Culture the cells in 6 mL fresh medium containing 10 mM sodium bu¬ 
tyrate. In the evening, after 8-12 h of incubation with sodium butyrate, replace 
the supernatant with 6 mL fresh DMEM medium and incubate the cells over¬ 
night. 

10. Day 4, morning. Collect the supernatant, filter with a 0.45-|am filter, and aliquot. 
The cell plate can be continually cultured with 6 mL fresh medium and the super¬ 
natant harvested after about 24 h on day 4. The supernatants can be used for 
various assays or stored at -70°C. The supernatant should have a virus content of 
about 10®-10^ cfu/mL {see Note 2). 

3.2. Generation of VSV-G/MuLV Producer Cell Line 

The viral supernatants from the transient transfection are used to transduce 
the packaging cell line 293/GPG to generate the VSV-G/MuLV producer cell 
line. Because 293/GPG already has the G418-resistant marker gene, G418 se¬ 
lection cannot be used to select transduced cells. However, since the transduc¬ 
tion efficiency of the VSV-G/MLV vector is >90%, the pools of the transduced 
293/GPG, without selection, can be used directly as stable producer cells. 

1. Day 1. Grow 293/GPG cells on 100-mm tissue culture dishes in DMEM medium 
with tetracycline, until 80% confluent. Trypsinize the cells and pass them in a 1:5 
dilution. Culture overnight (15-18 h) at 37°C. 

2. Day 2. Cells should be about 40-50% confluent. Thaw VSV-G/MuLV superna¬ 
tant from transient transfection in 37°C water bath (requires 3 mL/100-mm plate), 
and add Polybrene (1:1000) to a final concentration of 8 pg/mL. Remove me¬ 
dium in the cell culture plate. Add the 3 mL supernatant to the plate and culture 
for 2 h at 37°C. 

3. Add 10 mL DMEM with tetracycline to the viras-cell mixture plate. Culture over¬ 
night. 

4. Day 3. Replace the medium with 10 mL fresh medium with tetracycline. Culture 
for 2-3 days until confluent. 

5. Split the cells into five plates. Freeze the cells for later use or change medium 
into viral production medium to produce virus. 

3.3. Generation of VSV-G/MuLV from a Producer Cell Line 

1. Grow the producer cells (293/GPG/CnBgSN) to 80% confluent in maintenance 
medium. 

2. Remove the medium and wash the cells with PBS once. Replace the medium 
with 6 mL production medium (without tetracycline), and culture overnight. 

3. Collect the supernatant at 24 h, and replace with fresh 6 mL production medium. 
This can be repeated 3-4 times until most of the cells are detached and float up. 
This first collection has low virus titer (lO'^-lO^ cfu/mL) and may be discarded. 
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Filter the following collections through a 0.45-jam filter and aliquot. The super¬ 
natant should have a virus content of about 10^-10’ cfu/mL. 

3.4. Concentration of VSV-G/MuLV 

1. Centrifuge the viral supernatant (100-500 mL) at 13,800g in a Beckman rotor 
JA-14 for 12 h. 

2. The pellet is resuspended in <1 mL TNE buffer (0.01 MTris-FlCl, pH 7.2, 0.1 M 
NaCl, 0.001 EDTA), which will result in a 100-1000-fold concentration. This 
virus can be used directly. 

3. The concentrated virus can be further purified by centrifugation through a 
10-60% linear sucrose gradient in a Beckman SW-40 rotor at 30,000 rpm, for 2 h 
at 20°C. 

4. The virus forms a white, milky band viewable with a black background, which is 
recovered using a syringe and punching through the centrifuge tube. 

5. The recovered virus (1-2 mL) is suspended in 10 mL TNE buffer. The solution is 
pelleted by centrifugation at 39,800g in a Beckman rotor (JA-17) for 2 h at 4°C. 
The pellet is resuspended in TNE buffer at 1/1000 of the original supernatant 
volume. 

3.5. Virus Titer and Transduction Effeciency Assay 

The viral titer is analyzed by either G418-resistant eolony formation or 
B-Gal aetivity assay, whieh generate similar results. The transduetion effieieney 
is measured by eomparing B-Gal-positive and -negative eells among transdueed 
eells. 

1. Day 1. Plate NIH 3T3 cells (or your target cells for the transduction efficiency 
assay) in 30-mm-diameter wells of a 6-well plate (5 x 10"^ cells/well). 

2. Day 2. Mix viral supernatant with Polybrene (final concentration 8 pg/mL). For 
titration, do a series of 1:10 dilutions (up to 10 of the viral supernatant with 
DMEM medium containing Polybrene. 

3. Remove culture medium on cell plate. Add 1 mL viral supernatant to a well. For 
titration, use 10''-10'® dilutions into six corresponding wells. For transduction 
efficiency, use the undiluted supernatant. Culture for 2 h at 37°C, followed by 
addition of 2 mL of fresh medium. 

4. Day 3. Change the medium with 3 mL DMEM medium containing 0.8 mg/mL 
G418 for G418 selection assay or without G418 for B-Gal assay. 

5. For X-Gal staining, culture the cells for another 48 h, and then fix them with 
0.5% glutaraldehyde in PBS followed by three washes with PBS for 10 min each 
time at room temperature. Then stain the cells for B-Gal activity by incubating 
overnight at 37°C with 2 mL X-Gal staining solution. A cluster of blue cells is 
counted as one colony under an inverted microscope. 

6. For G418 selection, culture the cells with medium containing 0.8 mg/mL G418 
for 7 days. After 7 days, remove the media and fix the cells with 10% formalde- 
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hyde followed by a 3 times PBS wash. Stain the cells on the plate with 1 mL of 
1% methylene blue (Sigma) in methanol for 5 min and wash with tap water. 
Count the resistant colonies, in blue. Calculate the titer (cfu/mL) as numbers of 
colonies/(dilution factor-virus volume added). 

7. For transduction efficiency assay, stain the cells with X-Gal as described above. 
Calculate transduction efficiency by the ratio of blue cells (transduced) to the 
total cells contained in 10 randomly picked high-power fields (200x). 

4. Notes 

1. To check the transfection efficiency, the 293 cells can be fixed and X-Gal stained 
to measure the percentage of blue cells after collection of supernatant is finished. 

2. If the transduction efficiency does not reach higher than 85% during production 
of a stable producer cell line, the titer of virus from the stable producer cells thus 
generated could be low. In this situation, a single colony should be isolated. Di¬ 
lute the pool of the transduced cells to 1 cell/mL, plate 0.25 mL of the cell suspen¬ 
sion onto a 96-well plate, and culture it until the single cell in some wells grows 
into a single colony. Pipet up and down the medium to dissociate the cells, pass 
them onto 24-well plate, and then duplicate the pass onto two 6-well plates. In one 
6-well plate, the cells will be cultured in virus production medium and the super¬ 
natant will be collected and the titer checked. The plate will be discarded after 
viral production. The cells that generate the highest titer in the corresponding well 
of the other plate will be passed to a 100-mm plate and used to produce viral 
supernatant in large quantity. 
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Quantitative Measurement of the Concentration 
of Active Recombinant Retrovirus 

Stelios T. Andreadis and Jeffrey R. Morgan 


1. Introduction 

Recombinant retroviruses are among several virus vectors currently being 
tested in clinical trials for purposes of gene therapy. As the number of clinical 
studies increases, accurate quantitation of retrovirus stocks and comparisons 
between different laboratories and clinical trials will become increasingly 
important. However, work from our laboratory as well as others has shown that 
the most commonly used quantitative retrovirus measures (i.e., titer and mul¬ 
tiplicity of infection [MOI]) cannot be used to make accurate comparisons (1-3). 

The activity of a stock of recombinant retrovirus is typically quantitated by 
measuring titer, the number of gene transfer events per unit volume of 
retrovirus solution. To determine titer, the virus stock is first serially diluted 
and then used to transduce target cells. The titer, expressed as colony-forming 
units/mL (CFU/mL), is the number of colonies of transduced cells multiplied 
by the dilution factor and divided by the volume of retrovirus applied to the 
target cells. Visualization and quantitation of transduced cells is achieved by 
use of retroviral vectors that encode reporter genes, such as the lacZ gene, or 
antibiotic-resistance genes, such as the neo gene. 

Numerous factors can influence the value of titer, including the time of expo¬ 
sure of cells to the virus, the number and type of target cells, the volume of the 
virus-containing medium, and the half-life of retrovirus (4-7). Moreover, criti¬ 
cal physiochemical properties of the virus particles such as diffiisivity and half- 
life have been largely ignored. To date, none of these parameters of the titer 
assay have been standardized, which makes quantitative comparisons difficult. 
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(ri) Efficiency of 
post-adsorption steps 


Fig. 1. Most retrovirus particles are not able to infect a cell successfully. The bar¬ 
riers to infection (diffusion, half-life, and sparse cell coverage) are illustrated. 


Thus, titer is not an absolute measure of the concentration of active retrovirus, 
rather it reflects the number of gene transfer events under a specific set of 
conditions. 

1.1. Concentration of Active Retrovirus at the Start 
of Infection (C^q) 

Towards the goal of a more reliable quantitative measure of the activity of a 
stock of retrovirus, we have developed a method that helps to standardize the 
most important parameters of the titer assay and that takes into account the 
critical physiochemical properties of virus particles and cells (8). From this 
method, we obtain a value for the concentration of biologically active retrovirus 
at the start of the infection (QJ. is a more reliable measure of the activity 
of a stock of retrovirus because it is not subject to the variables inherent in the 
titer assay. In this chapter, we present a method to determine based on data 
obtained from a quantitative titer assay performed on a highly infectable refer- 
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ence cell type (NIH 3T3). This method and the mathematical analysis used to 
calculate takes into account and helps to standardize the major factors that 
influence measurements of titer. 

The value of Qo is higher than that of titer because Cy,, is the concentration 
of active retroviruses in the viral stock at the start of the infection. Since 
retrovirus infection is limited by the relatively slow diffusion and rapid decay 
of the virus particles, only a fraction of the total number of active viruses in a 
stock is able to infect a cell successfully, and the titer assay scores only suc¬ 
cessful gene transfer events. Thus, most retrovirus particles, although active at 
the start of infection, are not able to infect a cell successfully due to the “barri¬ 
ers” of diffusion, virus half-life, and sparse coverage of cells on the tissue cul¬ 
ture dish. Conceptually, these barriers are illustrated in Fig, 1. Therefore, for 
every successful gene transfer event seen in the titer assay, there must have 
been many more retrovirus particles that were active at the start of infection 
but were unable to infect a cell successfully (i.e., titer <C^o; see Note 1). 

We have derived equations that can be used to compute (8). These equa¬ 
tions also take into account the number of target cells as well as their size. 
These parameters are important because standard retroviral transductions are 
performed on subconfluent cultures to allow for cell division, a requirement 
for successful integration of the recombinant pro virus. (Lentivirus vectors may 
not require cell division.) In this surface topography, viruses diffuse (and 
decay) and then adsorb on adsorbent patches (target cells) sparsely distributed 
on a nonabsorbent surface. We modified the mathematical analysis initially 
proposed by Soup and Szabo (9) for particle diffusion to a similar surface and 
derived an equation to calculate Qo the starting concentration of active 
retrovirus (8): 


C 


VO 


cfu 

r\4a,DN,J 


[ 1 ] 


where cfu is the number of colony-forming units as determined from a quanti¬ 
tative titer assay performed on a reference cell type (see Note 2), p is the effi¬ 
ciency of all postadsorption steps, is the average radius of the target cells 
(cm), D is the diffusion coefficient of the virus (6.264 x 10^^ cmVh), N^.^, is the 
total number of cells at the start of transduction, and / is the integral (described 
below). 

Since transduction is a multistep process (adsorption through gene expres¬ 
sion) and not all steps proceed with 100% efficiency (10), we have introduced 
the term p into Eq. 1 to account for this fact. As discussed below, we have 
chosen NIH 3T3 cells as a reference cell type and for this cell type we have set 
the value of p = 1. However, it should be realized that even for highly infectable 
NIH 3T3 cells, transduction does not proceed with 100% efficiency (p < 1). 
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Table 1 

Numerical Values of the Integral / for a Virus with a Half-Life of 7 Hours.^ 


Time 

(hr) 

t 

0 

Of. = Ifim 

=9/Jm 

Cf. = \0fim 

Qf. = 11/im 

a^. = \3ifmi 

Of. = ISfjm 

= 17/zm 

cif. = 19/zm 

Gf. = 21/im 

0.5 

0.533 

0.546 

0.553 

0.559 

0.573 

0.586 

0.600 

0.613 

0.627 

1.0 

1.015 

1.033 

1.042 

1.051 

1.070 

1.088 

1.107 

1.125 

1.144 

1.5 

1.469 

1.491 

1.502 

1.513 

1.535 

1.557 

1.579 

1.602 

1.624 

2.0 

1.900 

1.925 

\mi 

1.949 

1.974 

1.999 

2.025 

2.050 

2.075 

2.5 

2.309 

2.336 

2.349 

2.363 

2.390 

2.418 

2.446 

lATi 

2.501 

3.0 

2.697 

2.726 

2.741 

2.755 

2.785 

2.814 

2.844 

2.874 

2.904 

3.5 

3.066 

3.097 

3.112 

3.128 

3.159 

3.191 

3.222 

3.254 

3.286 

4.0 

3.416 

3.449 

3.465 

3.482 

3.515 

3.548 

3.581 

3.614 

3.648 

4.5 

3.750 

3.784 

3.801 

3.818 

3.852 

3.887 

3.922 

3.956 

3.991 

5.0 

4.067 

4.102 

4.120 

4.138 

4.173 

4.209 

4.245 

4.281 

4.317 

5.5 

4.368 

4.405 

4.423 

4.441 

4.478 

4.515 

4.553 

4.590 

4.627 

6.0 

4.655 

4.692 

4.711 

4.730 

4.768 

4.806 

4.845 

4.883 

4.922 

6.5 

Ami 

4.966 

4.986 

5.005 

5.044 

5.083 

5.122 

5.162 

5.201 

7.0 

5.187 

5.226 

5.246 

5.266 

5.306 

5.346 

5.386 

5.427 

5.467 

7.5 

5.434 

5.474 

5.494 

5.515 

5.555 

5.596 

5.637 

5.678 

5.719 

8.0 

5.668 

5.710 

5.730 

5.751 

5.792 

5.834 

5.876 

5.918 

5.960 


"Values of / are shown for target cells of various sizes (radius, a^) and times of transduction. 
These numerical values can be used directly in Eqs. 1 and 3. 


Therefore, values of Cy^ from Eq.l are a lower bound of the concentration of 
active retrovirus in the starting stock. 

The integral I of Eq. 1, is a function of time, the diffusion coefficient, the 
half-life of the virus, and the radius of the target cells and is described by the 
following equation: 

t 

I = lh(a„t)e^''‘‘-‘dt [ 2 ] 

0 

The function h{a^, t) was derived by Shoup and Szabo (9) and reflects the flux 
of particles on each cell at time t, over the steady-state particle flux. For conve¬ 
nience, we have evaluated the integral, I, for different times of infection of 
target cells with various sizes (radius, aj. These numerical values of / are pro¬ 
vided in Table 1. 
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1.2. Adsorbed Active Viruses per Ceii (AVC): 

An Aiternative to MOI 

MOI is defined as the number of infectious viruses per cell and is typically 
used to predict the extent to which a cell population is transduced. MOI is 
calculated by multiplying titer (cfu/mL) by the volume of added virus and 
dividing this by the number of target cells at the start of transduction. How¬ 
ever, since its calculation is based on titer, MOI suffers from the same lack of 
standardization and inaccuracy. Recent experimental results have shown that 
increasing the number of retroviral particles per target cell, either by increas¬ 
ing the volume of the retrovirus solution (2,8,11) or by decreasing the number 
of target cells (2,10), did not result in increased levels of transduction, thus 
demonstrating the limitation of MOI. Similarly, the transduction efficiency did 
not correlate with MOI when nonadherent hematopoietic cells were transduced 
with recombinant lentiviruses (3). 

As an alternative, we propose AVC, the number of active retrovirus par¬ 
ticles that will adsorb per cell during a given adsorption time (8). AVC is a 
more reliable predictor as it is based on the concentration of active retrovirus 
(Cyo), which accounts for and thus helps standardize the physical parameters 
that govern transduction. AVC is calculated from the following equation: 

AVC = r\Aa,DC,J [3] 

where, r] is the efficiency of the postadsorption steps (for NIH 3T3 cells, which 
we use as a reference, we set r] = 1; other cell types may vary), is the average 
radius of the target cells (in cm), D is the diffusion coefficient of the virus 
(6.264 X 10"^ cm^/h), is the initial concentration of active retrovirus at the 
start of the infection (Eq. 1), and the integral / is a function of time, the diffu¬ 
sion coefficient, the half-life of the virus, and the radius of the target cells. 

Although we have used this analysis for recombinant retroviruses, the same 
concepts may also apply to other virus-based gene transfer vehicles such as 
recombinant lentiviruses, adenoviruses, or adenoassociated viruses. However, 
differences in key parameters such as diffusion coefficients, virus half-life, 
and the density of the target cells must be carefully considered before applica¬ 
tion of these equations. 

1.3. Efficiency of Postadsorption Steps (r[) 

Transduction efficiency and cfu can vary depending on the target cell type. 
If two titer assays are run under identical conditions (same virus stock, time of 
infection, volume of virus, number of target cells), but two different cell types 
of the same size are used, experimentally the number of cfu may be signifi¬ 
cantly different. Since the same virus stock is used in this scenario, values of 
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Cyo cannot be different, rather the discrepancy is due to differences in the 
infectability or tj: the efficiency of transduction of different cell types. Effi¬ 
ciencies of any number of postadsorption steps (internalization, reverse tran¬ 
scription, and so on) required for a successful gene transfer event may vary 
between cell types. 

We have set the efficiency of the postadsorption steps of our reference cell 
type (NIH 3T3) equal to one (p = 1). NIH 3T3 cells were chosen to be the 
reference cell type because of their widespread use, ease of cultivation, 
infectability by ecotropic as well as amphotropic viruses and relatively high 
transduction efficiency. We have derived an equation that can be used to com¬ 
pute p for other cell types relative to the reference cell type. We transduce the 
reference cell type (NIH 3T3) and the new cell type with the same viral stock, 
and we use the following equation to calculate the relative transduction effi¬ 
ciency, r\„ of the unknown cell type: 



( \ 
^c,3T3 

I3T3 

cfu^Ti ^ ^CO, 3T3 




where cfu are the number of colony-forming units on both cell types, the 
total number of cells at the start of transduction for both cell types, is the 
average radius of both cell types, and the integral /, which is a function of time, 
the diffusion coefficient, the half-life of the virus and the radius of the target 
cells, is computed for both cell types. 

When making this comparison, it is important that the values of cfu used be 
obtained from the portion of the curve where cfu is linearly proportional to cell 
number (8). This linear relationship is not always the case at very low or very 
high cell densities, presumably because transduction by retroviruses is strongly 
influenced by cell proliferation (12), and proliferation can be perturbed at these 
extremes in cell density. Moreover, the linear portion of the curve of cfii versus 
cell number may vary between different cell types (8). 

2. Materials 
2. 1. Cell Culture 

1. NIH 3T3 cells. The cells are split 1/10 twice a week. 

2. Phosphate- buffered saline (PBS; Gibco BRL, Gaithersburg, MD): 1.0% NaCl, 
0.025% KCl, 0.14% Na 2 HP 04 , 0.025% KH 2 PO 4 (all w/v), pH 7.2; sterile. 

3. Dulbecco’s modified Eagle’s medium (DMEM; Gibco BRL) with glutamine con¬ 
taining 100 U/mL penicillin and 100 pg/mL streptomycin. 

4. Tissue culture dishes ( 6 -well plates, 35 mm in diameter; Costar, Cambridge, MA). 

5. Bovine calf seram (BCS; HyClone, Logan, UT). 

6 . Fetal bovine serum (FBS; HyClone). 
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7. Trypsin (0.25%) containing 0.5 mMEDTA (Gibco BRL). 

8. Filters, 0.45-|am pore size (Gelman, Ann Arbor, MI). 

9. Polybrene (Sigma, St. Louis, MO). A concentrated stock solution is prepared at 
800 pg/mL in sterile ddH20 and stored at 4°C. 

2.2. Quantitative Titer Assay for a iacZ Retrovirus 

1. PBS. 

2. PBS, 1 mMMgClj. 

3. 0.5% glutaraldehyde (Sigma) in PBS (see Note 3). 

4. Potassium ferricyanide, K 3 Fe(CN )6 (Sigma). 

5. Potassium ferrocyanide K4Fe(CN)6*3H20 (Sigma). 

6. KC solution: add 0.82 g of K 3 Fe(CN )6 and 1.05 g of K4Fe(CN)6*3H20 in 25 mL 
of PBS. Store wrapped in foil at 4°C. 

7. X-gal (5-bromo-4-chloro-3-indolyl-P-D-galactopyranoside; Sigma): prepare 
fresh at 40 mg/mL in dimethylsulfoxide (DMSO). 

8. Reaction mixture (10 mL): add 0.5 mL of KC solution and 0.25 mL X-gal to 9.25 
mL of PBS/1 mMMgCl 2 . 

2.3. Measurement of Ceii Size 

1. CellTracker™ Orange CMTMR (5-[and-6]-[((4 chloromethyl)benzoyl)amino] 
tetramethylrhodamine) (Molecular Probes, Eugene, OR). Prepare a stock solu¬ 
tion to a final concentration of 10 mM in high-quality anhydrous DMSO and 
store in small aliquots at -20°C protected from light. 

2. PBS. 

3. Methods 

3.1. Ceii Cuiture 

NIH 3T3 cells and lacZ virus-producing cell lines are cultured in DMEM 

with 10% BCS, 100 U of penicillin, and 100 pg/mL streptomycin, at 37°C with 

10% CO 2 . 

3.1.1. Isoiation of Dipioid Human Foreskin Fibrobiasts (HFFs) 

1. After obtaining necessary institutional approvals, obtain specimens of fresh new¬ 
born human foreskins from the hospital. 

2. Trim the tissue to remove fat and muscle layers underlying the dermis. 

3. Rinse repeatedly (8 times) in sterile PBS. 

4. Cut the tissue into small pieces (0.2 x 0.2 cm^) and place on the tissue culture 
plate, dermal side contacting the tissue culture plate. 

5. After allowing the skin pieces to dry onto the tissue culture plate for approxi¬ 
mately 45 min, add 10 mL of DMEM containing 20% FBS, 100 U penicillin, and 
100 pg/mL streptomycin. Place in an incubator at 37°C with 10% CO 2 . 

6. Gently change the medium every 3-4 days. 

7. The cells are passed for the first time 7-10 days later, when they migrate out from 
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the dermis and form a confluent monolayer on the surface of the tissue culture 
plate. 

8. Thereafter, pass cells every week when they reach confluence. 

3.2. Harvesting of Recombinant Retrovirus 

1. Grow the virus producer cells to confluence in a 10-cm tissue culture dish. 

2. Remove old medium and add 10 mL of fresh medium. Return plate to incubator 
at 3TC with 10% CO 2 . 

3. Harvest the virus containing medium 24 h later. 

4. Filter the virus-containing medium through 0.45-|am pore sized filters, aliquot, 
and store at -80°C until use. 

3.3. Quantitative Assay for a Retrovirus Encoding iacZ 

1. Prepare six serial dilutions (10-fold) of the lacZ virus stock in cell culture 
medium. 

2. Add Polybrene to each dilution to a final concentration of 8 pg/mL. 

3. Add 2 mL of each virus dilution to the target cells (NIH 3T3 cells), which were 
plated in 6-well plates the previous day, at 60,000 cells/well. Target cell numbers 
may vary depending on target cell type (see Note 4). 

4. After 24 h, remove the virus-containing medium, add fresh medium, and allow 
the cells to grow for 48-72 h (see Note 5). 

5. Use three replicate wells for cell counting at the time the virus is added. 

6. After 48-72 h, remove medium from wells. 

7. Wash cells once with 2 mL PBS. 

8. Fix cells with 2 mL of PBS containing 0.5% glutaraldehyde for 10 min at room 
temperature (see Note 3). 

9. Wash cells with 2mL PBS/1 niMMgCl 2 . 

10. Incubate cells in 2 mL of reaction mixture for 3-4 h at 37°C or until blue-stained 
cells are obvious to the naked eye. 

11. Remove the reaction mixture, and wash cells with 2 mL PBS. 

12. Remove the PBS, wash, and allow plates to air-dry. 

13. Count clusters of lacZ"" cells (blue) with the aid of a dissecting microscope. Do 
not count individual cells (see Note 6). 

14. Calculate cfu of the viral stock by multiplying the number of blue cell clusters 
times the dilution factor. Do not divide this number by the volume of virus added 
(see Note 2). 

3.4. Measurements of Target Ceii Surface Area 
by Fiuorescence Microscopy 

1 . Plate 50,000 cells/well in 6-well plates, and allow them to attach and spread over¬ 
night. 

2. The next day, stain cells with 10 pM of the cytoplasmic dye CellTracker Orange 
CMTMR for 60 min at 37°C. The CellTracker dye is diluted 1:1000 from the 
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stock solution (10 mM in DMSO) in cell culture medium. It labels viable cells for 
at least 24 h after loading and often through several cell divisions (see Note 7). 

3. Wash cells twice with 2 mL PBS to remove the unbound dye and reduce the 
background. 

4. View cells with a fluorescence microscope using standard filter sets (the Orange 
CMTMR dye absorbs at 540 nm and emits at 566 nm). 

5. Select multiple areas (usually 20 or more) at random in six identical wells for 
image analysis (see Notes 8 and 9). 

6. Calculate the r adius, a^, of each cell from the measurement of its area, 
A (a, = n ). Calculate the average radius as the mean of the radii of at least 
50-100 cells. 

3.5. Calculation of C^o 

1. Use Eq. 1 to calculate Cy^, the concentration of active retrovirus at the start of 
infection {see Note 10). 

2. For cfu, use the value obtained from the quantitative assay for a retrovirus encod¬ 
ing lacZ on a reference cell type such as NIH 3T3 cells {see Subheading 3.3.) 
{see Note 2). 

3. For the radius of the cells, use the average value obtained by fluorescence 
microscopy. The average radius of our NIH 3T3 cells is 7 x 10“"* cm. 

4. For D, the diffusion coefficient, use the value of 6.264 x 10“^ cm^/h for 
retroviruses (8,13). 

5. For use the number of cells counted at the start of infection {see Note 11). 

6. For the integral /, use values obtained from Table 1. Values from Table 1 depend 
on the time of infection and the radius of the target cells. For a 4-h transduction of 
NIH 3T3 cells (radius pm), /= 3.416. 

3.6. Calculation of AVC 

1. Use Eq. 3 to calculate AVC, the number of adsorbed active particles per target 
cell at a given time interval. 

2. For the radius of the cells, use the average value obtained by fluorescence 
microscopy. 

3. For D, the diffusion coefficient, use the value of 6.264 x 10“^ cm^/h for 
retroviruses. 

4. For Cya, the concentration of active retrovirus at the start of the infection, use the 
value calculated from Eq.l. 

5. For example, if NIH 3T3 cells are infected for 4 h with a viral stock with 10® 
active particles/mL (i.e., Cy^ = 10® active particles/mL) and the virus has a 7 h 
half-life, the expected number of adsorbed active particles will be AVC = 0.6 
particles/cell. 

6. Under the same conditions, AVC = 0.13 active particles/cell for HFFs because of 
differences in q: the efficiency of postadsorption steps between the reference cell 
type, NIH 3T3 cells and HFFs. 
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3.7. Calculation ofr\ 

1. Use Eq. 3 to calculate r|j.; the efficiency of postadsorption steps of a new cell 
type (HFFs) relative to a reference cell type (NIH 3T3). 

2. For cfux, use the number of colony-forming units obtained from the quantitative 
assay for a retrovirus encoding lacZ (see Subheading 3.3.) performed on FlFFs. 

3. For CFU 3 X 3 , use the number of colony-forming units obtained from the quantita¬ 
tive assay for a retrovirus encoding lacZ (Subheading 3.3.) performed on NIFl 
3T3 cells (the reference cell type). 

4. Be sure both values of cfu are obtained from a portion of the curve where cfu is 
linearly proportional to cell number (see Note 4). 

5. For A'^co^and N^o 3 x 3 , use the total number of cells at the start of transduction for 
FlFFs and NIH 3T3 cells, respectively. 

6. For X and use the average values of the radii obtained by fluorescence 
microscopy measurements of HFFs and NIH 3T3 cells, respectively. The aver¬ 
age radius of our NIH 3T3 cells is 7 x 10'"* cm; for human fibroblasts it is 
10 X 10-4 cm. 

7. For Ix and / 3 X 3 , use the values of the integrals obtained from Table 1. Values 
from Table 1 depend on the time of infection and the radius of the target cells. 
For a 4-h transduction of NIH 3T3 cells (radius flc, 3 T 3 ^ 1 fUn)) ^ 3 T 3 ^ 3.416, 
whereas for HFFs (radius 10 pm) Ix^ 3.465. 

8 . In prior experiments, the r| (similar to relative transduction efficiency [RTF]) of 
HFFs was significantly lower than that of NIH 3T3 cells (RTE 3 X 3 = 1 vs. RTEy^ 
0.15) (8). 

4. Notes 

1. The fact that the values of are greater than titer indicates that a significantly 
larger fraction of retrovirus in a stock is active than has been previously thought. 
It has been widely estimated and quoted that only between 0.1 and 1% of the 
retrovirus in a stock is active; it was also assumed that these particles were inher¬ 
ently inactive at the start. Qo shows that this is not accurate and that there are 
many more active retroviral particles. They are active, but limited by decay and 
diffusion. This may have important implications in the use of retroviruses for in 
vivo gene transfer. 

2. In Eqs. 1 and 3, use cfu and not cfu/mL, as determined from a titer assay. In a 
typical titer assay, a viral stock is serially diluted and a volume of virus is used to 
transduce the target cells. The titer is computed by multiplying the number of cfu 
times the dilution factor and dividing this number by the volume of virus added to 
the target cells. However, because of the slow diffusion and fast decay of retroviral 
particles, only particles in a small volume (approx 300 pL) above the cells can 
contribute to infection (8,10). For larger volumes, such as those usually employed 
in viral infections, the number of cfu does not depend on the volume of viral 
supernatant. Titer, if expressed as cfu/mL, can introduce a considerable error into 
Eqs. 1 and 3. For example, if a virus stock is diluted 10,000 fold and either 10 or 
2 mL of this dilution is used to infect 10-cm dishes containing identical target 
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cells, the numbers of cfu on both plates will be similar (2). If this number of cfu is 
100, then the plate that received 10 mL would report a titer of 1 x 10^ cfu/mL, 
whereas the plate that received 2 mL would report a titer of 5 x 10^ cfu/mL, a 5- 
fold difference. Therefore it is important that values of cfu and not cfu/mL be 
used in Eqs. 1 and 3. By taking into account diffusion and virus half-life, Eqs. 1 
and 3 help to standardize the data obtained from a titer assay. 

3. Glutaraldehyde is corrosive and toxic. It is imperative that you prepare solutions 
in a fume hood wearing gloves and safety glasses. When mixing with water, use 
glass containers and stir small amounts of glutaraldehyde into water slowly. Do 
not add water to glutaraldehyde. Use cold water to prevent excessive heat genera¬ 
tion. Finally, avoid generating vapors and do not use it with incompatible materi¬ 
als such as strong acids, strong alkalines and amines. 

4. For Eq. 1 to be accurate, cfu must be linearly proportional to cell number. Our 
data show that this is true over a narrow range of cell numbers (8) and that this 
range can vary between different cell types. At high cell numbers, linearity breaks 
down and cfu declines, possibly due to a decrease in the rate of cell growth, which 
is known to influence transduction (12,14). Therefore, for each type of target cell 
used, it is important to do a preliminary experiment that determines the depen¬ 
dence of the number of gene transfer events (cfu) on cell number. The number of 
target cells used in subsequent quantitative assays must be from the linear part of 
this curve. 

5. Do not let the target cells grow beyond confluence. When overgrown, they may 
produce endogenous P-galactosidase, which introduces background noise into the 
assay. 

6. In this assay, the virus stock is diluted to very low particle concentrations, so that 
there are relatively few gene transfer events. After infection, a transduced cell 
undergoes several divisions to give rise to a cluster (2-16) of transduced cells. 
Low virus particle numbers ensure that clusters are widely separated from one 
another and that each cluster represents a single gene transfer event. 

7. The CellTracker probe come in blue, orange, green, and yellow-green fluores¬ 
cence derivatives that can be visualized with the appropriate filter set. These dyes 
enter the cells by passive diffusion through the cell membrane; once in the cyto¬ 
plasm, they undergo a glutathione S-transferase-mediated reaction, producing a 
cell-impermeant reaction product. They can be used with a variety of cell types, 
as most cells contain high levels of glutathione (up to 10 mM) and glutathione 
transferase. For more information, visit www.probes.com. 

8. When cells are close to each other so that their borders cannot be easily distin¬ 
guished, they should be excluded from the analysis. 

9. In each field, select several cells at random and use computer software (e.g., 
Metamorph or NIH Image) to delineate the perimeter of each cell and compute 
cell area. For statistically sound results, the average cell surface area should be 
based on measurements of a significant number of cells (50-100). 

10. When using Eqs. 1 and 3, the radius of the target cells must be in cm and the 
diffusion coefficient in cm^/h. Then the concentration of active retroviral par¬ 
ticles, Qo, is expressed in particles/mL. 
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11. The cell number is determined at the start of infection and is assumed to remain 
relatively constant during infection. This is a reasonable assumption for short 
infection times (e.g., 2-4 h), but it may not hold for longer times, especially for 
fast growing cells. Therefore, short infection times are recommended. 
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Minigene-Containing Retroviral Vectors Using 
an Alphavirus/Retrovirus Hybrid Vector System 

Production and Use 

Jarmo Wahifors and Richard A. Morgan 


1. Introduction 

Retroviral vectors are optimal gene transfer vehicles for gene therapy, since 
they integrate into the target cell genome and therefore can provide permanent 
expression of a therapeutic gene. This is a particularly desired feature in gene 
therapy of monogenic inherited diseases, in which the ultimate goal is a single 
gene transfer event that would lead to life-long correction of the genetic defect. 
Moreover, retroviral vectors are thoroughly characterized, and their extensive 
use in preclinical and clinical studies has verified their efficacy and safety. 

1.1. Utility of Complex Expression Cassettes 

Numerous studies have demonstrated that noncoding genomic sequences 
like introns and 3' untranslated regions can improve and stabilize the expres¬ 
sion of a transgene cassette, especially in vivo. The effect has been shown with 
human b-globin (1,2), rat growth hormone (3,4), human purine nucleoside 
dephosphorylase (5), human clotting factor VIII (6), and especially human clot¬ 
ting factor IX (7-10). However, the combination of complex genomic expres¬ 
sion cassettes, minigenes, and retroviral vectors is not simple, since the 
synthesis of retroviral RNA takes place in the nucleus and the intervening 
sequences are spliced out. Furthermore, noncoding genomic sequences may 
contain cryptic transcription termination signals that reduce the amount of the 
full-length retrovirus RNA and result in low titers. The problem of incompat- 
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ibility between retroviral vectors and minigenes can be solved by cloning the 
minigene in the antisense orientation between the vector long terminal repeats 
(LTRs), but this has turned out to be difficult, and extensive modifications to 
the cassette and the vector were necessary for sufficient vector titers and 
transgene expression after transduction (11,12). Another way to solve this prob¬ 
lem would be to use a strategy whereby retroviral RNA is synthesized outside 
the nucleus with the aid of an enzyme other than eukaryotic RNA poly¬ 
merase 11. 

1.2. Recombinant Alphaviruses: Tools for Cytoplasmic 
Gene Expression 

Alphaviruses, like Semliki Forest virus (SFV) and Sindbis virus, are single- 
stranded RNA viruses that replicate in the cytoplasm of their target cells (13). 
Alphaviral replication is very efficient and is carried out by its own enzymes, 
which form a replicase complex in concert with cellular factors. The replica¬ 
tion leads, in the first phase, to amplification of the viral genomic RNA through 
a negative strand intermediate. The second phase of replication involves for¬ 
mation of excessive amount of subgenomic (26S) RNA, using the negative 
strand RNA as template. In the wild-type virus, this subgenomic RNA codes 
for viral structural proteins. Flowever, in recombinant alphaviral vectors, the 
structural genes have been replaced by a transgene. Recombinant alphaviruses 
are efficient tools for transient production of large amounts of protein in target 
cells, but they can also be used to produce retroviral vector RNA that will be 
packaged into virions in a similar manner as RNA that has been synthesized in 
the cell nucleus. 

1.3. SemLiki Forest Virus in Cytoplasmic Retroviral 
Vector Production 

We have shown that SFV vectors can be manipulated to carry retroviral 
vector cassettes (RVCs) that encode RNAs readily packageable into biologi¬ 
cally active retroviral vector particles (14). The process starts with in vitro 
production of two SFV RNA species, the first RNA encoding the RVC (SFV- 
RVC) and second RNA encoding the SFV structural proteins (SFV-helper2). 
When these RNAs are electroporated together into BFIK cells, the cells pro¬ 
duce large quantities of RVC-carrying SFV virions. The SFV-RVC virions can 
then be used to transduce retrovirus packaging cells, in this case PFIOENIX 
cells, which are derived from the human kidney cell line 293T. When alphaviral 
replication takes place, it starts producing the subgenomic RNA, which in this 
case is the RVC RNA that is almost identical to the retroviral virion RNA. This 
RNA is then packaged into retroviral particles that are produced by the PFIOE¬ 
NIX cells (Fig. 1). These recombinant retroviruses are biologically fully func- 
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Fig. 1. Production of cytoplasmic retroviral vectors using an alphavirus/retrovirus 
hybrid system. RVC, retroviral vector cassette; SFV, Semliki Forest virus. 


tional: they can enter their target cells through a receptor-mediated mecha¬ 
nism, undergo reverse transcription, and integrate into host cell’s genome. 

In addition to the method described here, there is an alternative method to 
produce retroviruses cytoplasmically with the aid of recombinant SFV system 
(see Note 1). 

1.4. Minigenes in Cytopiasmicaiiy Produced Retrovirai Vectors 

Retroviral vectors produced with the SFV system are presumably indepen¬ 
dent of nuclear enzymatic activities of producer cells and therefore capable of 
carrying introns and other noncoding genomic sequences. We tested this 
hypothesis by cloning a human clotting factor IX minigene into SFV-RVC 
(15). The resulting SFV vector, SFV-RVC++F9mg5'3', was used to transduce 
PHOENIX amphotropic packaging cells, and the supernatants were analyzed 
for the presence of biologically active recombinant retroviruses. The generated 
retroviral vector titers turned out to be comparable to the titers obtained earlier 
without the minigene, suggesting that the genomic sequences are not interfer¬ 
ing with the cytoplasmic retroviral RNA synthesis. When the minigene-carry- 
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ing retroviruses were used to transduce target cells (the human medulloblas¬ 
toma cell line TEhTl) and the proviral structure in the cell population was 
analyzed, it was demonstrated that the intron was present in the integrated 
minigene. Furthermore, the minigene-harboring TE671 cell clones produced 
high amounts of human factor IX, the best clone producing > 1000 ng FIX/ 
million cells/24 h. 

The capability of cytoplasmically produced retroviruses to carry minigenes 
and the advantage of the minigene vectors over the conventional, cDNA-carry- 
ing recombinant retroviruses has also been demonstrated by another group {see 
Note 1). 

2. Materials 

2.1. Cell Culture 

1. BHK-21 cells (ATCC, Manassas, VA; cat. no. CCL-10). Grow in complete BHK 
medium with 5% fetal bovine serum (FBS; see Note 2) and split every 2-3 days 
1:10. 

2. PHOENIX retroviras packaging cells with amphotropic envelope. These cells 
are provided by the ATCC (SD 3443), but permission from Dr. Garry Nolan is 
required. Find download-ready instructions and material transfer agreement 
forms at http://www.uib.no/mbi/nolan/NL-proto.htmL. Grow in Dulbecco’s 
modified Eagle’s medium (DMEM) with 10% FBS, and split 1:5 every 3-5 days. 
Avoid confluency and extended growth in culture, as the cells can lose their abil¬ 
ity to produce retrovirus particles {see Note 3). 

3. TE671 human medulloblastoma cells (ATCC, cat. no. CRL 8805). Grow in 
DMEM with 10% FBS and split every 2-3 days 1:10. 

4. Phosphate-buffered saline (PBS), sterile: can be obtained from most cell culture 
media manufacturers. 

5. Trypsin-EDTA (lOx stock. Life Technologies, Gaithersburg, MD). 

6. BHK complete medium. G-MEM, 2 mM glutamine, 20 mM HEPES buffer, and 
10% tryptose phosphate broth. All components can be purchased from Life Tech¬ 
nologies. 

7. DMEM, supplemented with glutamine and high glucose (4.5 g/L); can contain 
antibiotics (penicillin -I- streptomycin or gentamicin). 

8. FBS. 

9. Tissue culture dishes: 10-cm plates, 3-cm plates, or 6-well plates. 

2.2. Recombinant Semllkl Forest Virus Plasmids 

1. SFV Gene Expression System. This complete kit for production of SFV-based 
recombinant proteins or SFV virions can be obtained from Life Technologies 
(cat. no. 10180-016). 

2. SFV vector containing the retrovirus vector cassette, RVC. The plasmid con¬ 
struct SFV-RVC++ (14) contains an SFV replicon that produces retroviral virion 
RNA from the 26S subgenomic promoter. The structure of the plasmid and the 
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Fig. 2. (A) Structure of the plasmid pSFV-RVC++. (B) Structure of the retrovirus 
vector cassette (RVC). (C) Illustration of the SFV replication cycle that produces 
retroviral RNA. 
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RVC and an illustration of the SFV replication cycle that produces retroviral 
RNA are shown in Fig. 2. 

3. Cloning of a transgene cassette/minigene into SFV-RVC++ is described in Sub¬ 
heading 3.1. The intermediate plasmids SFV 1-RVC and pLRVCSpe+-i- are 
needed in this protocol. Requests for these reagents should be addressed to the 
corresponding author. 

2.3. SFV-RVC RNA Synthesis 

1. Restriction endonucleases for linearization of pSFV-RVC++ (Apal or 5wal) and 
pSFV-helper2 (Spel) plasmids. 

2. Tris-EDTA-buffered phenol (pFI 5.6) for extracting the linearized plasmid DNA 
(= template DNA). 

3. Ethanol for precipitation. 

4. RNAse-free H 2 O for dissolving the template DNA. 

5. SP6 mESSAGE mACHINE kit (Ambion, Austin, TX) for in vitro RNA synthe¬ 
sis. This kit contains all the reagents needed for the synthesis of 5' capped RNA 
molecules (see Note 4 for an alternative way to synthesize RNA). 

2.4. Generation of SFV-RVC Viruses 

1. Culture of 50-75% confluent BHK-21 cells. 

2. SFV-RVC-^-^ and SFV-helper2 RNA. 

3. Opti-MEM medium (Life Technologies) for suspending cells prior electro¬ 
poration (see Note 5). 

4. Electroporator, for example, ECM 600 from BTX (San Diego, CA). 

5. Electroporation cuvets with 0.4-cm gap, for example. Gene Pulser Cuvette from 
Bio-Rad (Hercules, CA). 

2.5. Titration of SFV-RVC Viruses 

1. An SFV vector preparation with known titer (used as standard in the dot-blot- 
based titration of SFV-RVC-I-+ vector stocks; see Note 6). 

2. Dot-blot vacuum manifold (Schleicher & Schuell, Keene, NH). 

3. Hybond N-l- membrane (Amersham, Arlington Heights, IE). 

4. lOx SSC: 1.5 Msodium chloride, 0.15 Msodium citrate. 

5. UV-crosslinker (for example, Stratalinker by Stratagene, La Jolla, CA). 

6. DNA probe for hybridization, for example a 2.6-kbp 5acII fragment from the 
plasmid pSFVl (the plasmid is included in the SFV Gene Expression System 
kit). 

7. Reagents for probe labeling, hybridization, and washes of the membrane. Stan¬ 
dard methods of your laboratory can be used. Radioactive detection is preferred 
for better resolution and higher sensitivity. 

8. Phosphorimager (for example, BAS 1500 by Fuji Medical Systems) for 
quantitation of the dot intensities. Alternatively, scanned images of good-quality 
autoradiograms (X-ray films) can be used for quantitation. 


Alphavirus/Retrovirus Hybrid Vector System 

2.6. Production and Characterization of Retroviruses 


179 


1. SFV-RVC++ vector stock with known titer. 

2. Monolayers of 50-75% confluent PHOENIX ampho packaging cells for 
retrovirus production. 

3. PBS with Mg2+and Ca2+. 

4. Chymotrypsin A (Sigma; 10 mg/mL in PBS with Mg^^ and Ca^^, stored as 
aliquots at -20°C) and 50 mM CaCl 2 solutions for SFV activation. Aprotinin- 
protease inhibitor (0.5 mg/mL; Sigma) for neutralizing chymotrypsin. 

5. 0.45 jam syringe filters (Millipore). 

6. Monolayers of TE-671 cells, 1x10^ cells/6-well plate well, for retrovirus titra¬ 
tion. 

7. Polybrene 8 pg/mL (hexadimethrine bromide; Sigma), dissolved in water and 
sterile filtered. 

8. G418 antibiotic (neomycin analog. Life Technologies) for selection of Neo^ 
clones. 

9. Reagents for isolation of chromosomal DNA from retrovirus-transduced cells. 

10. Probe for detecting proviral retrovirus sequences. For example, E'coRI - Ncol 
fragment from the retroviral plasmid pLN (16), which hybridizes to the Neo gene. 

11. Reagents for performing Southern blot analysis. 

3. Methods 

3.1. Construction of Semiiki Forest Virus-Retrovirus Vector 
Cassette Hybrid Piasmids 

The plasmid pSFV-RVC++ contains a retrovirus vector cassette with a Neo^ 
gene driven by the retroviral LTR promoter (Fig. 2). To clone an expression 
cassette/minigene into this vector is not straightforward and requires an inter¬ 
mediate cloning step. This is because the Bell site that can be used for minigene 
insertion is not unique in pSFV-RVC++ and the plasmid pLRVCSpe++, has to 
be used first. This plasmid is based on pLITMUS 38 (New England Biolabs, 
Beverly, MA), and the Bell enzyme cuts it only once. After inserting a minigene 
into pLRVCSpe++, an RVC-containing fragment can be cut out with Spel and 
Avrll digestion and ligated with a 10-kbp Spel fragment of the pSFVl-RVC 
plasmid to yield pSFV-RVC++ with your favorite minigene (see Fig. 3 for the 
cloning strategy and Note 7 for more information). 

3.2. In Vitro Synthesis of SFV RNA 

To produce recombinant SFV-RVC++ viruses, two SFV RNA species (SFV- 
RVC++ and SFV-helper2) need to be synthesized in vitro using the respective 
plasmids as templates. The RNA synthesis in this case is carried out using SP6 
RNA polymerase; the resulting RNA is 5'-capped and thus is able to behave 
similarly to mRNA when inside the host cell. Since transcription by SP6 poly- 
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pSFV-RVC++. 











Alphavirus/Retrovirus Hybrid Vector System 


181 


merase is a runoff synthesis, the plasmid templates have to be linearized first 
for a proper 3' RNA termination. 

1. Linearize at least 10 pg of the plasmids SFV-RVC++ (Apal or Swal) and SFV- 
helper2 (Spel). Extract template DNAs using an equal volume of Tris-buffered 
phenol, precipitate DNA with ethanol, and wash at least twice with 70% ethanol. 
Dissolve in RNAse-free H 2 O, aiming at 1 pg/pL concentration (^ee Note 8). 

2. Perform in vitro transcription using the instructions from the SP6 mESSAGE 
mACHINE kit (Ambion). We routinely use 20 pL reaction volume, 1 pg linear 
template DNA and add 1 pL of the GTP solution (included in the kit; improves 
the yield with long templates). Incubate for 90-120 min at 37°C. Remove the 
template DNA by adding 1 pL of DNase I from the kit (2 LF/pL) and incubate for 
an additional 15 min (see Note 9). 

3. Precipitate RNA by adding 30 pL of nuclease-free H 2 O and 25 pL lithium chlo¬ 
ride precipitation solution from the kit. Chill overnight or at least 30 min at 
-20°C. Pellet RNA by spinning at 4°C for 15 min at maximum speed, wash the 
pellet twice with cold 70% ethanol, and air-dry briefly {see Note 9). 

4. Dissolve the RNA pellet in 50 pL of nuclease-free H 2 O. Keep on ice until 
electroporation or store at -20°C. Analyze concentration by spectrophotometer 
and quality by gel electrophoresis (see Note 10). 

3.3. Generation and Characterization of SFV-RVC++ Virions 

The RVC-containing SFV virions are produced in BHK-21 cells, using 
co-electroporation of vector RNA (SFV-RVC++) and helper RNA (SFV- 
helper2). The production is complete at 24 h after electroporation. The result¬ 
ing SFV virions are conditionally inactive because of modification in their 
capsid protein and become activated upon chymotrypsin treatment (17). Since 
the SFV-RVC++ particles do not express a marker gene, they can be titrated 
only indirectly. We use a dot-blot method that detects the number of SFV 
genomes in the supernatants (18). 

1. Grow BHK-21 cells to 50-70% confluency, trypsinize the cells, suspend the pel¬ 
let in growth medium, and count the cells. Take 1.5 x 10® cells per electroporation 
reaction, wash twice with Opti-MEM, and suspend in Opti-MEM to yield 1.5 x 
10® cells/550 pL. 

2. Pipet 550 pL of the cell suspension to an electroporation cuvet (0.4-cm gap). Add 
20 pg of SFV-helper2 RNA and 40-50 pg of SFV-RVC++ RNA {see Note 11), 
mix by flicking the cuvet and electroporate immediately. 

3. Electroporation {see Note 12): we determined that three pulses of 7 ms each at 
250 V gave optimal results with BHK-21 cells (when ECM 600 by BTX was 
used). Mix by flicking between pulses and plate onto a 3-cm plate with 2 mL of 
DMEM, 10% FBS. Incubate at 37°C for 24 h. 

4. Collect SFV supernatants, filter slowly through a 0.45 pm syringe filter, divide 
into aliquots, and store at -80°C. 
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5. Determine the virus titer by a whole-virion dot-blot method. This method requires 
that an SFV virus stock with known titer be available. When the hybridization 
signal of the produced SFV-RVC++ stock is compared with the signal of the 
reference stock, the titer (number of RNA genomes in the preparation) can be 
estimated {see Note 13). 

6. Make 10-fold dilution series of the SFV-RVC-i-i- virus and the reference virus in 
lOx SSC and pipet the dilutions (180 pL each) onto Flybond N-i- membrane with 
the aid of a dot-blot manifold. Wash the wells of the manifold 3 times with lOx 
SSC. 

7. Air-dry and UV-crosslink the membrane. Prehybridize (for example, the follow¬ 
ing conditions can be used: incubate at 42°C for 1-3 h in solution containing 
37.5% dextran sulfate, 7.5x sodium-saline-phosphate EDTA buffer [SSPE], 
0.75% sodium dodecyl sulfate [SDS], 25% formamide, 5x Denhardt’s solution, 
and 2 mg/mL denatured, sheared DNA). 

8. Flybridize overnight at 42°C by adding a radiolabeled SFV probe to the 
prehybridization solution. We have used a 2.6-kbp 5acII fragment from the plas¬ 
mid pSFVl. Wash the membrane using increasing stringency and expose to an 
autoradiogram reader screen or an X-ray film. Determine the signal intensities 
from SFV-RVC-I-+ and the reference virus, using the dots of intermediate inten¬ 
sity, and calculate the titer. 

3.4. Cytoplasmic Production of Retroviruses in PHOENIX 
Packaging Cell Lines 

1. Grow amphotropic PHOENIX packaging cells to 80-90% confluency on 3- or 
10-cm plates. Determine the approximate number of cells on the plate. 

2. Activate enough SFV-RVC-l-l- viruses for multiplicity of infection (MOI) 100: 
add 1/16 volume of chymotrypsin solution and 1/50 vol of 50 mM CaCl 2 . Incu¬ 
bate for 15 min at room temperature and inactivate the protease by adding 1/4 vol 
of aprotinin. Store activated virus on ice {see Note 14). 

3. Remove the growth medium from PHOENIX cells and wash them once with 
PBS containing Mg^^ and Ca^^. Add activated virus in a volume of growth 
medium that barely covers the cells, and incubate for 90 min at 37°C. Remove 
the supernatant, wash the cells twice with PBS, and add an appropriate volume of 
growth medium (1 mL for a 3-cm plate, 5 mL for a 10-cm plate). Incubate for 16 
h at 32°C, collect the retroviral supernatant, filter through a 0.45-|am syringe 
filter, divide into aliquots, and store at -80°C {see Note 14). 

3.5. Analysis of the Produced Retroviral Vectors 

Retroviral vectors that contain a functional Neo gene can be titrated based 
on the G418 resistance of transduced TE 671 cells {see Note 15). The same 
cells can be used to analyze the structure of integrated proviruses and the integ¬ 
rity of the minigene expression cassettes. 
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1. Titration: Plate 1 x 10^ TE 671 cells/well of a 6-well plate (well diameter 3 cm) 
24 before transduction (one plate per retrovirus stock). 

2. Make a 1:10 dilution series of the virus in growth medium containing 8 |Ug/mL 
Polybrene; the final volume of each dilution is 2 mL. Aspirate the old growth 
medium from TE 671 cells and add virus-containing dilutions. Spin the plates at 
32°C, l,000g for 1 h, and incubate for 23 h at 32°C (see Note 16). 

3. Replace the retrovirus-containing medium with 2 mL of growth medium with 0.8 
mg/mL G418. Incubate for 7-14 days, changing the selection medium as neces¬ 
sary, until the majority of the cell layer is dead and separate colonies can be seen. 
Count the colonies from wells containing 10-100 colonies and calculate the titer. 

4. Provirus analysis: Isolate and grow G418-resistant cell clones (Neo gene-con¬ 
taining viruses) or transduce TE 671 cells with as high an MOI of the virus as 
possible and grow the transduced population/isolate clones by limiting dilution. 

5. Isolate chromosomal DNA from the pro virus-harboring cells, using the standard 
method of your laboratory. Perform a Southern blot with appropriate enzymes 
that cut inside the provirus and reveal the minigene structure. Hybridize with a 
probe that recognizes either minigene or the retroviral sequences. The presence 
of an intron in the minigene can also be detected by a polymerase chain reaction 
method. Design primers that hybridize to exon sequences around the intron and 
detect the size of the PCR product (which is longer if the intron is present in the 
pro virus). 

4. Notes 

1. Li and Garoff have (19) demonstrated an alternative way to use SFV vectors for 
cytoplasmic retrovirus production. In their system, an SFV vector carrying a 
retrovirus vector cassette almost identical to ours was used. However, in their 
protocol, the production was not canded out in retroviral packaging cells, but in 
BHK-21 cells. The coding sequences for retroviral virions were provided by two 
additional SFV vectors that encode a retroviral Gag-Pol gene cluster and a heter¬ 
ologous envelope, in their case from the murine amphotropic virus 4070A. When 
these three RNA species were electroporated together into BHK-21 cells, high 
titers of biologically active retroviruses were produced. Li and Garoff also showed 
that retroviruses are capable of carrying introns into target cells; the presence of 
these sequences increased the transgene expression significantly (20). Interest¬ 
ingly, they did not use natural introns in their natural locations but still obtained 
enhanced gene expression, suggesting that the presence of any intervening se¬ 
quence that interrupts the coding sequence will be beneficial. 

2. BHK-21 cells grow well in most tissue culture mediums. However, only complete 
BHK medium with 5% FBS or DMEM with 10% FBS can be recommended, since 
they have been tested by us and shown to support SFV production. 

3. PHOENIX packaging cells can loose their ability to support retrovirus production 
under some conditions (for example, cells are frequently grown to confluency or 
maintained in continuous culture for too long). Therefore, a stock of low-passage 
cells should be frozen and fresh cells should be taken into use frequently. If the 
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cells start deteriorating and backup cells are not available, a selection by drug 
resistance or surface marker is possible to a population with a packaging pheno¬ 
type (for details, see http://www.uib.no/mbi/nolan/NL-helper.htmL). 

4. RNA synthesis can also be performed without the kit. For instructions, see the 
manual of the SFV Gene Expression System. 

5. Opti-MEM or DMEM without phenol red turned out to be the best media for 
suspending cells prior to electrophoresis. PBS also works fine, but care should be 
taken not to let the cells stay in warm buffer for more than 10 min (Cells start to 
loose their viability and capacity to produce SFV particles.) 

6. SFV vectors with detectable marker genes like lacZ or GFP can be used as refer¬ 
ence. These vector preparations are easy to titrate by transducing BHK-21 cells 
with a dilution series of the virus, followed by detection of blue cells after X-Gal 
staining (lacZ) or fluorescent cells in a flow cytometer (GFP). The plasmid 
pSFV3-lacZ is included in the SFV Gene Expression System and can be used to 
produce the reference SFV vector stock. 

7. This cloning strategy saves the Neo^ gene but leaves it without a promoter. FIow- 
ever, we have observed that the promoterless Neo^ gene can be used in G418 
selection. 

8. Phenol extraction, followed by ethanol precipitation, is the best way to purify 
long templates for RNA synthesis. Other methods (like GeneClean) may intro¬ 
duce breaks in the DNA and reduce the yield of full-length RNA. Linearize large 
amounts of plasmids (20-50 pg) and phenol-extract using volumes of at least 100 
pL to obtain good yields. Verify the result by agarose gel electrophoresis before 
proceeding to RNA synthesis (>90% of the plasmid should be in linear form). 
This step should be performed in an RNase-free environment (preferably on a 
bench dedicated to RNA work, with clean pipets and other equipment). 

9. Removal of the DNA template or precipitation of RNA may not be crucial steps, 
but they are recommended since we have used them in our experiments. The 
manual of the SFV Gene Expression System indicates that in vitro synthesized 
RNA is suitable for electroporation without any purification steps. 

10. One reaction routinely yields 30-60 pg of purified RNA, and the typical A 260 /A 280 
ratio is about 2.2. Lower yields may indicate a poor-quality DNA template or 
problems with the kit. (Always include a control reaction, using the template 
pTRI-Xefl from the kit.) The quality of the RNA can be checked on regular 1.5% 
agarose gel, using TAE or TBE buffer. However, RNA is vulnerable in this kind 
of environment and degrades rapidly. Use high voltage and a short time to verify 
the overall integrity of the RNA; accurate size determination under these condi¬ 
tions is not possible. (Denaturing RNA gel with formaldehyde is required for more 
precise analysis of the produced RNA species.) Some templates are more difficult 
to transcribe, resulting in low proportions of the full-length product and varying 
number of shorter RNA species. These are likely to be caused by premature run¬ 
off of the SP6 polymerase at difficult secondary structures of the template DNA. 

11. The amount of RNA for one electroporation is high, since the virus yields were 
directly proportional to the amount of SFV-RVC-l-l- RNA (up to 50 pg). This is 
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probably because the RNA preparation consists of a mixture of different species 
and only up to 20% of it is full-length. 

12. Electroporation conditions depend on the equipment in use. It is recommended 
that other electroporators than the one we used be optimized for maximal effi¬ 
ciency and virus production. The number of pulses given (under indicated condi¬ 
tions) can also vary; we have observed that BHK-21 cells can take up to 4 pulses, 
but in this study only 3 pulses were used. 

13. The whole-virion dot-blot method is a rapid and easy way to get an estimate of the 
number of SFV-RVC++ virions in the preparation. There is no need for prior 
virion RNA purification, and different conditions for dot blotting and hybridiza¬ 
tion can be used. The sensitivity of this method is about 1000 SFV virions/mL, 
which is sufficient to give titers of any relevant virus preparation. 

14. We used an SFV-RVC-i-i- MOI of 100 on PHOENIX cells, although even higher 
virus amounts can yield better retrovirus production. When adjusting the volume 
of activated SFV-RVC++ for retrovirus packaging cell plates, be aware of the 
possibility that too small volumes can evaporate significantly during the 90-min 
incubation and result in low retrovirus yield (due to damaged producer cells). The 
growth temperature (32°C) and incubation time (16 h) of PHOENIX cells are 
optimized for maximal production and minimal degradation of amphotropic 
retroviruses. 

15. Retroviral vectors with an inserted minigene (and promoterless Neo gene) cannot 
be titrated with the G418 resistance assay; use the dot-blot titration method de¬ 
scribed in Subheading 3.3. Alternatively, expression of a detectable transgene 
can be used for titer determination. 

16. Spin transduction is not mandatory, but it increases the titers obtained. Also, incu¬ 
bation at 32°C stabilizes retroviral particles and yields a better transduction effi¬ 
ciency. 
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Retrovirus-Mediated Gene Transfer to Human 
Hematopoietic Stem Cells 

William P. Swaney, Enrico M. Novelli, Alfred B. Bahnson, 
and John A. Barranger 


1. Introduction 

The ability of hematopoietic stem cells (HSCs) to engraft in a recipient and 
establish long-term repopulation of the hematopoietic system makes them ideal 
targets for gene therapy vectors designed to correct inherited or acquired dis¬ 
eases affecting the hematopoietic and immune systems. 

Monoclonal antibodies that bind to the CD34 antigen, a universally recog¬ 
nized marker for hematopoietic progenitor/stem cells ( 1 - 3 ), have been widely 
used to isolate HSCs from the hematopoietic tissues. Other cell surface anti¬ 
gens have also been targeted to subfractionate the heterogeneous CD34^ cells 
into subpopulations with distinct phenotypes and HSC potential ( 4 ). In vitro 
and in vivo functional assays have defined a hierarchy of biologically different 
cells, from subpopulations enriched for early long-term repopulating, 
retransplantable HSCs, to those only including committed progenitor cells. The 
colony-forming cell (CFC) assay provides an estimate of myeloerythroid pro¬ 
genitor cell potential ( 5 )-, the assays for long-term culture initiating cells (LTC- 
IC), blast colony-forming cells (CFC-blast), and cobblestone area-forming cells 
(CAFC) measure more primitive hematopoietic progenitors ( 6 ). On the other 
end of the spectrum, immunodeficient mouse models, such as the NOD/SCID 
assay, and other xenogeneic transplantation models like the preimmune fetal 
sheep allow measurement of the ability of cells to generate sustained, 
multilineage hematopoiesis after in vivo transplantation and therefore repre¬ 
sent surrogate HSC assays ( 7 ). Animal assays are particularly valuable in gene 
therapy because they permit assessment of the efficiency of transduction and 
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persistence of expression of transferred genes in human hematopoietic cells in 
vivo. Of particular interest is the observation that transduced human CD34^ 
cells were able to repopulate the NOD/SCID strain (8-12), thereby providing a 
model for gene transfer studies in patients. 

Both in vitro (13,14) and in vivo assays (15,16) have indicated that the 
CD34^ subpopulation that is negative for the surface antigen CD38 is enriched 
for primitive HSCs. These studies have shown that the cells responsible for 
long-term, retransplantable hematopoiesis in NOD/SCID mice and fetal sheep 
reside in the CD34^ CD38^ fraction. However, the definitive human HSC phe¬ 
notype still remains elusive as additional putative markers for HSC such as 
AC133 (17,18) and KDR (19) are continuously discovered. Recent studies also 
demonstrate the presence in both primates and rodents of a rare CD34-Lin cell 
subset (20), which could be a more immature precursor of CD34+ cells and 
their subpopulations (21). It will be necessary to elucidate fully the functional 
characteristics and biologic behavior of these populations before targeted, 
highly efficient gene therapy strategies for human HSCs can be implemented 
consistently. 

A major impediment to retroviral transduction of HSCs has been their pau¬ 
city in hematopoietic tissues. The CD34^ cells account for only 1-4% of mono¬ 
nuclear cells in the bone marrow (BM), <1% in peripheral blood (PB), and 
<1% in cord blood (CB) (22,23). CD34+ enrichment with or without subse¬ 
quent culture and expansion is therefore necessary for most gene therapy appli¬ 
cations. 

CD34^ enrichment provides the advantage of greatly reducing the quantities 
of viral supernatants needed to achieve a useful multiplicity of infection (MOI), 
compared with requirements for nonenriched cells from these sources. For 
example, with a titer of 10® colony-forming units (cfu)/mL, full-strength super¬ 
natant will achieve an MOI of 10:1 when cells are suspended at the concentra¬ 
tion of 10^ cells/mL. An average marrow infusion of 2 x 10^ nucleated cells for 
a 70-kg patient would require suspension of the cells in 140 L of supernatant to 
achieve this MOI. Enrichment reduces these requirements by a factor of 100, 
making the procedure practical. It also allows the use of fewer growth factors 
(GFS) and less dimethylsulfoxide (DMSO), thereby lowering the costs and 
discomfort of the procedure. 

Ex vivo expansion of enriched HSC populations may be required to provide 
adequate cell numbers for the clinical application of stem cell therapy and to 
allow the use of low-abundance HSC sources such as CB. Expanded HSCs 
may provide higher engraftment levels of donor cells expressing the normal 
gene needed for correction of inherited enzyme deficiencies; expanded pro¬ 
genitor cells may achieve a faster, stronger support of hematopoietically com¬ 
promised hosts. The ability to control HSC proliferation and self-renewal is 
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also critical in the gene therapy arena, since successful gene transduction by 
retroviral vectors requires integration of the retroviral insert into cellular DNA, 
which in turn requires cellular proliferation (24). The process by which target 
cells are primed for retroviral infection by stimulation in culture is called 
prestimulation. Ex vivo culture of HSC has utilized hematopoietic GFs (10,25- 
27), with or without marrow stromal cells (28,29). Interleukin 3 (IL-3), IL-6, 
and stem cell factor (SCF) have been extensively used for promoting retroviral 
transduction and survival of murine (31-32) and human (33-36) progenitor/ 
stem cells. However, recent evidence suggests that the use of Flt-3 ligand (FF) 
and thrombopoietin (Tpo) may be associated with better preservation and in 
some cases limited expansion of progenitor/stem cell capacity in cultures of 
purified CD34+ cells or CD34+ subpopulations (25,27,37-40). Newly devel¬ 
oped lentiviral vectors may obviate the need to prestimulate target cell popula¬ 
tions altogether, because of their ability to infect nondividing cells (41,42). 

Specific conditions for optimal retroviral transduction of CD34+-enriched 
cells have not been conclusively determined. Reports and protocols differ with 
respect to many variables, e.g., type of retroviral vector employed, conditions 
of prestimulation (GFs used and timing), chemical (i.e., incubation with 
polybrene or over CH296 fibronectin fragment-coated plates) (43) and physi¬ 
cal (i.e., centrifugal enhancement) (44) viral attachment factors used, and the 
presence or absence of stromal cells (45,46). Using an optimized protocol based 
on coculture with the murine producer cells, we and others have demonstrated 
transduction of cells capable of long-term reconstitution of lethally irradiated 
murine primary recipients, which yielded progeny capable of reconstituting 
secondary lethally irradiated recipient mice (47,48). Using an MFG-based vec¬ 
tor, we have demonstrated expression in secondary recipients up to 12 months 
post transplantation (47). 

The studies of gene transduction and transplantation of genetically modified 
HSCs in humans have been less encouraging. This can be attributed to numer¬ 
ous factors, including the refractory status of the human HSC (13), with conse¬ 
quently poor transduction efficiency, lack of sustained gene expression (36), 
and poor engraffment following transplantation in non-myeloablated recipi¬ 
ents (45,46,49). 

As of 1999, over 300 gene therapy clinical trials have been conducted in 
humans, for a wide range of diseases including AIDS (50), cancer (51,52), and 
single gene disorders like adenosine deaminase (ADA) deficiency (36,53), X- 
linked severe combined immunodeficiency (SCID) (54), hemophilia B (55), 
chronic granulomatous disease (56), and Gaucher’s disease (45,57). In approxi¬ 
mately half of these trials, a retroviral vector was used as the gene delivery 
vector. However, long-term clinical correction of the disease was only achieved 
in the trial of gene therapy for X-linked SCID by Cavazzana-Calvo et al. (54). 
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This X-linked primary immunodeficiency disorder, caused by the ye cytokine 
receptor deficiency, represents an ideal target for gene therapy because the 
correction of the patients HSCs results in a selective advantage of their T-, 
natural killer (NK)-, and B-cell normal progeny. The selective expansion of 
the corrected cells may allow the limitation of poor transduction efficiency to 
be circumvented, waiveing the requirement for prior myeloablation of the 
recipient. In the trial by Cavazzana-Calvo et al. (54), the BM CD34+ cells from 
two patients were cultured in CH296 fibronectin fragment-coated, gas-perme¬ 
able containers in serum-free medium supplemented with 4% fetal calf serum 
(PCS), SCF, IL-3, FL, and polyethylene-glycol-megakaryocyte differentiation 
factor for 4 days, with daily additions of yc-MFG-containing supernatant on 
days 2, 3, and 4. The transduction efficiency of CD34+ cells after infection 
was 20-40%. The infusion of 17-19 x 10® CD34^ cells without myeloablation 
resulted in transgene-expressing T and NK cells at a 10-month follow-up in 
two patients, with T-, B-, and NK-cell counts and function comparable to those 
of age-matched controls. The authors speculate that improvements in the trans¬ 
duction method, i.e., use of the fibronectin fragment and a potent GF cocktail, 
may be responsible for the success of this trial compared with others conducted 
in ADA-deficient patients (54). 

In vivo selection of transduced cells may also be exploited in gene therapy 
strategies aiming at conferring multidrug resistance (MDR) to HSCs of patients 
undergoing “dose-intensive” chemotherapy for malignant tumors. Abonour et 
al. (51) showed that CD34+ cells transduced with MDR engrafted to levels as 
high as 15% in the BM of patients with germ cell tumors, for more than a year. 
The circulating transgene-expressing cells decreased with time (and always 
remained below 1% of total PB leukocytes), but their number could be selec¬ 
tively expanded by the administration of etoposide. Similarly to Cavazzana- 
Calvo et al. (54), the authors hypothesize that the transduction strategy 
employed, which consisted of two transduction steps on theCH296 fibronectin 
fragment after 2 days of prestimulation in SCF and IL-6 or granulocyte colony- 
stimulating factor (G-CSF), MGDF and SCF, was responsible for the relatively 
high transduction efficiency. However, the expression level was low and is 
unlikely to have provided clinical benefit. 

In disorders in which the normal cells do not possess a selective advantage 
over the diseased counterpart, high-level engraftment of transgene-expressing 
HSCs in non-myeloablated patients has not been achieved. For example, in 
recent clinical trials for chronic granulomatous disease (CGD) (56) and 
Gaucher’s disease (45,57), gene marked cells could be detected in the pB of 
the patients, but at levels not sufficient to achieve consistent, if any, clinical 
efficacy. 

In the clinical trial for the p47P’'“-deficient CGD, PB CD34+ cells cultured 
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for 4 days in gas-permeable containers in serum-free medium supplemented 
with PIXY321 and G-CSF were transduced on days 2, 3, and 4 by centrifugal 
enhancement with a p47P'’°’‘-encoding MFGS retroviral vector and transplanted 
at a dose of 0.1-4.7 Y lOVkg in five non-myeloablated patients. The peak cor¬ 
rection of granulocytes in PB occurred 3-6 weeks after infusion and ranged 
from 0.004 to 0.05% of total PB granulocytes. In some patients, corrected cells 
could be detected for as long as 6 months after transplantation (56). In another 
trial directed toward gp91P'“’‘-deficient CGD, which employed a similar design, 
slightly higher numbers of peak phox^ neutrophils were detected in the PB of 
two patients, ranging from 0.2 to 0.6% of total neutrophils (58). 

Three clinical trials of HSC gene transfer and autologous transplantation 
without myeloablation for type 1 Gaucher’s disease have been performed. Two 
trials employed a protocol consisting of transduction on autologous BM stroma 
in the presence of IL-3, IL-6, and SCF (with or without IL-1), protamine-sul¬ 
fate, and glucocerebrosidase (GC)-expressing viral supernatant for 3-5 days. 
In the first clinical trial, no gene-transduced cells engrafted in the patients (59), 
whereas in the second a low level of corrected cells (0.02%) was detected in 
the PB, which did not result in GC expression and clinical benefit (45). In the 
third clinical study, which was conducted by our group, we used a 1-day 
prestimulation of CD34+ cells in long-term BM culture medium containing 
IL-3, IL-6, SCF, and protamine sulfate, followed by two 2-h or one 4-h trans¬ 
duction with GC-expressing MFG viral supernatant, through the method of 
centrifugal enhancement. We provide the details of this gene therapy protocol 
below. Four patients received transplants of genetically modified cells. Trans¬ 
duction efficiency averaged 20%, and enzymatic activity of GC in transduced 
CD34^ cells increased 10-fold over baseline. The average transduction effi¬ 
ciency in HPP-CFC was 9% and for one of the transductions, 29% of the colo¬ 
nies were marked. Total PB lymphocytes and CD34^ cells harvested from the 
PB showed presence of the GC transgene by polymerase chain reaction (PCR) 
and increased GC enzymatic activity following transplantation. In one patient, 
the GC activity of total PBL rose to a level of as high as 80% of control, and the 
transgene was detected in the three different lineages of lymphocytes, poly¬ 
morphonuclear leukocytes, and monocytes by fluorescence-activated cell sort¬ 
ing (FACS). These results permitted a gradual withdrawal of enzyme 
replacement therapy (ERT) over 9 months. During this time and for an addi¬ 
tional 5 months, the enzymatic activity in PB lymphocytes remained substan¬ 
tially above deficient levels. Moreover, the dose reduction did not result in a 
decline in clinical status. However, over the next 12 months, clinical labora¬ 
tory parameters slowly worsened, and ERT was reinstituted. In the other three 
patients, no signs of toxicity were observed. However, the engraftment of trans¬ 
duced CD34+ cells was not persistent, and the enzymatic activity was only 
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marginally increased (57). We conclude that CD34^ cells from Gaucher’s dis¬ 
ease patients can be safely transduced with a retroviral vector and transplanted 
in non-myeloablated recipients. In one patient, the engraftment of transduced 
cells and the correction of the enzymatic deficit persisted for more than 2 years 
and were accompanied by an apparent clinical benefit. We hypothesize that 
improvements to the gene therapy protocol may lead to consistent, long-term 
efficacy. 

Several strategies can be used to increase the efficiency of HSC gene 
therapy. First, improvements can be made to the retroviral vectors, by using 
oncoretrovirus-derived constructs with a better expression profile (46), or by 
using non-oncoretroviral vectors like the HIV-derived vectors (41). Second, in 
vitro conditions that would increase the cycling of HSC, leading to higher trans¬ 
duction efficiency, can be explored (46). These include GF stimulation and the 
use of cyclins, cyclin-dependent kinases, and their inhibitors to act at the level 
of the intracellular regulators that control cell cycle (60). Third, the BM mi¬ 
croenvironment, which includes the stroma and molecules of the extracellular 
matrix, such as fibronectin, has been shown to enhance HSC transduction. It is 
therefore possible that once the biologic mechanisms underlying the interac¬ 
tion between the HSC and the microenvironment are elucidated, additional 
improvements will occur through the use of this strategy. Fourth, liposomal 
pretreatment of retroviral supernatants has been shown to enhance the effect of 
centrifugal enhancement on transduction efficiency of CD34^ cells synergisti- 
cally (61). This procedure was readily transferable to a clinical setting (Swaney, 
personal communication) and thus is a candidate for large-scale clinical use in 
future trials. 

2. Materials 

2.1. Media 

1. Human long-term bone marrow culture medium (LTBCM) is used for 
prestimulation and expansion of CD34^ cells and for long-term cultures. It con¬ 
sists of Iscove’s modified Dulbecco’s medium (IMDM; Gibco-BRL, 
Gaithersburg, MD) containing 12.5% fetal bovine serum (FBS; Gibco-BRL), 
12.5% horse serum (HS; Gibco-BRL), 2 mM r-glutamine, 1 x 10'® M 2- 
mercaptoethanol, 1 x 10'® Malphathioglycerol, and 1 pg/mL hydrocortisone. 

2. Retroviral vector-packaging cells are grown in Dulbecco’s modified Eagle me¬ 
dium (DMEM; Gibco-BRL) supplemented with 10% (v/v) calf serum (CS) and 2 
mM L-glutamine. 

2.2. Additional Reagents 

1. Cytokines, IL-3, IL-6, and SCF are prepared as concentrated stock solutions in 
LTBMC. The lOOOx solution contains 10 pg/mL of each cytokine. 
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2. Methylcellulose medium (without erythropoietin) is obtained ready to use from 
Stem Cell Technologies (Vancouver, BC). 

2.3. Immunoaffinity Column and Anti-CD34 Antibody 

The biotinylated anti-CD34 antibody, the avidin eolumn, and neeessary 
reagents (CEPRATE EC [CD34] Cell Separation System) are supplied by 
CellPro (Bothell, WA). 

2.4. Supplies 

1. Nunclon cell factories (Fisher cat. no. 12-565-39). 

2. Teflon connector with 0-ring (Fisher cat. no. 12-565-43). 

3. Blue sealing caps (Fisher cat. no. 12-565-45). 

4. Tyvek cover caps (Fisher cat. no. 12-565-44). 

5. Gelman bacterial air vent (Fisher cat. no. 09-730-125). 

6. Flex Boy 10-L collection bag (Stedim cat. no. 400-190). 

7. Tubing, OD 3/8 inches ID 1/8 inches (Stedim cat. no. 200-004). 

8. Connector MPC female (Stedim cat. no. 100-117). 

9. 100-L or other custom size collection bag (Stedim cat. no 950-309). 

10. Filter cartridges (0.45 pm). 

11. 15 -mL conical tubes. 

3. Methods 

3.1. Generation of Clinical Grade Amphotropic Vector Containing 
Supernatants 

The production of amphotropic producer cell lines containing nonselectable 
markers has been previously described (62). Briefly, amphotropic packaging 
cells are generated by infection with filtered supernatants from ecotropic pro¬ 
ducers, stably or transiently transfected with the vectors in plasmid form, and 
cloned by limiting dilution assay. Supernatants from these prospective clones 
are then screened for viral activity by infecting appropriate target cells and 
assaying for transgene expression by the relevant bioassay. High-titer clones 
can then be selected, preserved, and characterized; promising clones can be 
expanded into a master cell bank (MCB). Clinical grade retrovirus vector-con¬ 
taining supernatants (supes) are used for gene transfer into patient tissues. They 
are generated from viably thawed cells from an approved MCB and expanded 
in culture. Fresh medium is applied to and harvested from confluent monolay¬ 
ers of producer cells according to a predetermined schedule based on pilot 
studies. Individual supernatant collections harvested over the scheduled time 
are stored and then pooled into a single lot for filtering and distribution into 
final containers. A supernatant lot is considered to be a quantity of material 
that has been thoroughly mixed in a single vessel. 
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1. Clinical grade retroviral vector containing supernatants are produced from a cer¬ 
tified MCB. Prior to release of a supernatant lot for clinical use, both the MCB 
and the supernatant must be fully tested and certified for safety according to 
current regulations and guidelines specified by the Center for Biologies Evalua¬ 
tion and Research (CBER). The tests currently include sterility, mycoplasma, the 
presence of adventitious viral agents, detection of endotoxin, general safety, the 
presence of replication-competent retrovirus (RCR) in cells and supernatant, and 
a characterization of the cells. 

2. Clinical grade supernatant is produced in a biopharmaceutical manufacturing 
facility under aseptic processing conditions. One or more vials of cryopreserved 
cells are removed from the MCB, thawed, and diluted by dropwise addition of 
culture medium containing 10% CS (v/v). The cells are collected by centrifuga¬ 
tion at 700g for 5 min at 4°C and the supernatant removed. The cells are resus¬ 
pended, diluted with 10 mL of culture medium, and counted; the viability is then 
determined by Trypan blue dye exclusion. 

3. Plate the cells in an appropriately sizes culture vessel and incubate at 37°C, 5% 
CO2. 

4. As the cells reach confluence, expand them as necessary to obtain a predeter¬ 
mined number of monolayer Nunclon cell factories. The final number of vessels 
will depend on the desired lot size and supernatant collection schedule. 

5. When cells reach confluence, begin the scheduled collections by collecting the 
conditioned medium and refeeding with fresh complete medium daily. Under the 
hood, connect a collection bag (e.g., 10-L Flex boy) to the collection hose {see 
Note 1) assembly through the MPC connectors. Clamp off the unused tubing port 
and place the bag into a collection bin on the floor; keep the other end of the hose 
in the hood. Then place the Nunclon cell factories inside the hood, and remove 
the cap. Connect the collection hose is to the factory and then invert the factory. 
After the contents of the factory have completely emptied, add the appropriate 
volume of complete medium to the factory; then cap the factory, level it, and 
return it to the incubator. Repeat this process for all factories. {See Note 2) 

6. Freeze and store the supernatants at -70°C. 

7. Repeat steps 5 and 6 until the predetermined volume of supernatant to be pro¬ 
duced has been met. 

8. At the completion of the collection schedule, trypsinize and pool the cells from 
all the production vessels. Count the cells and cryopreserve approximately 6% of 
the total at a concentration of 2 x 10^ cells/vial (2 mL/vial). Current CBER guide¬ 
lines call for cocultivation-RCR assay of viable postproduction cells at a level of 
1% of the total cells or 1 x 10* cells, whichever is less. The excess cells provide 
for losses on thawing and for retention of backup samples. 

9. Before final pooling, thoroughly clean and revalidate the production room, bio¬ 
logic safety cabinets, and all pertinent equipment. 

10. Prior to filtration, and during the early, middle, and final stages of the filling, 
depending on the container volumes and numbers, set aside full or partially full 
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containers for safety testing as prescribed in current versions of Points to Con¬ 
sider in Human Somatic Cell and Gene Therapy. The list of samples to be tested, 
their volumes and containers, must be predetermined prior to initiation of the 
final processing. 

11. Thaw and disinfect the outsides of the individual daily collections and place them 
in a convenient location near the biosafety hood. Open a collection bag of appro¬ 
priate volume for the total pooled supernatant in the hood and then place it into 
the 30-gal. tank, keeping the collection end of the tubing inside the hood. Inside 
the hood, attach each individual daily collection bag to the pooling collection bag 
through the MFC couplers and allow its contents to drain into the pooling collec¬ 
tion bag. Repeat this until all the individual daily collection bags have been emp¬ 
tied. Then clamp the tubing, and mix the contents thoroughly. 

12. Set up a peristaltic pump and aliquot samples of the bulk unfiltered pool into the 
appropriate containers for safety testing. Test at least 5% of the total unfiltered 
bulk material for RCR and generally, save at least one backup set of samples for 
this purpose. If necessary, also save samples and backup samples for bulk steril¬ 
ity, mycoplasma, in vitro adventitious agents, from the unfiltered material. 

13. Attach the filter to the end of the tubing and activate the pump to distribute fil¬ 
tered product into the final containers. Label each container with the supernatant 
lot number and a sequential number corresponding to the order of filling. Include 
additional information, e.g., the vector name, producer type, date, volume, and 
so on. 

14. If the use of more than one filter cartridge is necessary, collect samples from the 
beginning and end of use of each filter to verify that equivalent titers are main¬ 
tained throughout the life of the filter. For 21 CFR 610.12 sterility, surrogate 
final container samples may be prepared in the final containers by adding approx¬ 
imately 20 mL filtered product during the early, middle, and final stages of the 
filling process. Prepare one or more backup sets at this time, in case the sterility 
assay is invalidated and retesting is performed. Generally, 10% of final contain¬ 
ers in the lot is submitted for sterility testing, up to a maximum of 20 samples. 

15. Place the final containers into heat-sealable plastic pouches and seal them. Then 
freeze the final containers in a CO 2 cabinet using dry ice. Use >3 kg of dry ice/ 
liter of supernatant. The amount of dry ice used is based on the amount of super¬ 
natant to be frozen and a heat of sublimation of 60 cal/g for dry ice. 

16. After the supernatants are frozen to <-20°C, transfer the containers to -80°C 
freezer(s) for long-term storage. 

3.2. Enrichment of CD34* Cells 

Obtain autologous CD34^ cells from patients who have been mobilized for 
5 consecutive days with Neupogen (G-CSF) at 10 pg/kg. Subject the patients 
to two leukapheresis procedures on consecutive days, and enrich the CD34+ 
cells using the Ceprate clinical system. 


196 


Swaney et at. 


3.3. Prestimulation and Transduction of Human CD34'*' Cells 

The transduction protocol consists of two phases: an overnight 14-16 h 
prestimulation step in LTBMC medium containing the cytokines IL-3, IL-6, 
and SCF (10 ng/mL each) followed by centrifugation of the cells and vector- 
containing supernatants in blood bags for 4 h at 2400g at 4°C. In each experi¬ 
ment, nontransduced control cells are removed and cultured in parallel with 
the infected cells. 

1. Culture the CD34^-enriched cells overnight for 14-16 h at 37°C, 5% CO 2 in 
LTBMC medium supplemented with IL-3, IL-6, and SCF (10 ng/mL each). After 
prestimulation, pool and count the cells and set aside samples for HPP-CFC and 
CFLF-GM analysis and bulk culture. The centrifuge rotor can accommodate eight 
swinging buckets that can each hold three 100-mL blood bags. We have observed 
an inverse correlation between absolute cell number per surface area and volume 
of supernatant used {see Note 3). Therefore a maximum of 2.4 x 10* cells can be 
diluted with LTBMC to a final volume of 1200 mL and mixed with an equal 
volume of clinical grade supernatant. 

2. Using a syringe, distribute 100-mL aliquots of the cell suspension/supernatant 
mixture into 100-mL blood bags. 

3. Layer three blood bags in each swinging bucket, check for balance, and then 
place them into the centrifuge. Centrifuge the cells for 4 h at 2400^ at 24°C. 

4. After infection, empty the contents of the bag into a 200-mL conical tube. Then 
rinse each bag with 50 mL of LTBMC and also distribute the rinse into 200-mL 
conical tubes. Collect the cells by centrifugation for 10 min at 800g at 24°C and 
set aside the supernatant to be archived. 

5. Resuspend the cells in 200 mL of LTBMC, collect and count them. Set aside 
samples of the infected cells for HPP-CFC and CFU-GM analysis and bulk 
culture. 

6. Transport the cells to the bone marrow processing lab (BMP) or pharmacy using 
sterile technique. At the BMP, collect the cells by centrifugation at 800g at 4°C 
for 5 min. Remove the supernatant to a sterile container. Resuspend the cell pel¬ 
let in 10 mL of Plasma-lyte containing 10 U/mL of heparin and a final concentra¬ 
tion of 5% HSA (PL-Hep-HSA). Transfer the suspension to a 50-mL conical 
tube. Rinse the 200-mL bottle with an additional 10 mL of PL-Hep-HAS, and 
transfer the rinse to the 50-mL conical tube containing the cell suspension. 

7. Pellet the cells again at 800g at 4°C for 5 min and remove the supernatant. 

8. Resuspend the cell pellet in 10 mL of PL-Hep-HAS and repeat step 7. 

9. Remove the supernatant and resuspend the pellet in 10 mL of PL-Hep-HSA. 
Count the cells. 

10. Transfer the suspension to a 30 mL infusion syringe: rinse the conical tube with 
10 mL of fresh PL-Hep-HSA and transfer the rinse to the syringe containing the 
cells. Infuse the cell suspension into the patient over a 1-min period (15 mL/min). 
Draw up 10 mL of PL-Hep-HSA into the same syringe, in order to rinse any 
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remaining cells from the syringe, and infuse them into the patient over a 1-min 
period (15 mL/min). 

11 . Archive aliquots of the supernatant from step 6 for safety testing. 

12. Plate cells for CFU-GM and HPP-CFC analysis according to the manufacturer’s 
instructions. Perform transduction efficiency 12-14 d after infection by PCR 
amplification as previously described (62). Expand the remaining bulk culture 
cells by culturing them in LTBMC containing IL-3, lL-6, and SCF or other 
cytokine combinations for 6 days. After culture, measure the specific enzymatic 
activity of the infected and noninfected cells by performing the appropriate bio¬ 
assay. 

4. Notes 

1. A few days prior to the first scheduled collection, make enough collection hoses 
to collect for the anticipated number of collection days. In a biosafety cabinet, 
using sterile scissors, cut 4-5-ft sections of tubing. Place an MPC connector into 
one end of the tubing and a Teflon 0-ring connector into the other. Place the 
assembly in a self-sealing autoclave pouch and sterilize. 

2. Optimum conditions for collection of supernatant may vary between different 
packaging lines. With tp-CRIP producer lines, we have found that the highest titer 
supernatants are obtained after the cells reach confluence. As the dishes become 
confluent, feed the cells fresh medium daily to maintain a healthy monolayer, but 
do not split the cells. Instead, collect overnight supernatants from dishes (15 cm) 
fed with 30 mL of medium the previous afternoon, and collect 8-h supernatants 
during the afternoon from dishes fed with 10 mL of fresh medium in the morning. 

3. We have observed an inverse correlation between cell number and transduction 
efficiency. When cells are transduced in a container with a fixed surface area and 
volume of supernatant, a 1 log increase in cell number generally results in a 30% 
reduction in transduction efficiency. Therefore, optimization of clinical transduc¬ 
tion protocols requires a balance between lower cell numbers to increase TE and 
the logistics associated with infecting large amounts of cells. 
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Genetically Modified Skin Substitutes 

Preparation and Use 

Karen E. Hamoen, Gulsun Erdag, Jennifer L. Cusick, 
Hinne A. Rakhorst, and Jeffrey R. Morgan 


1. Introduction 

Skin loss due to bums or ulcers is a major medical problem and is the moti¬ 
vation for the development of skin substitutes and skin replacement technolo¬ 
gies, many of which have had some success in the clinic (1-4). Methods exist 
for the growth of large numbers of epidermal keratinocytes as well as dermal 
fibroblasts. These cells have been combined with various analogs of the der¬ 
mis to fabricate composite skin substitutes. Different types of dermal matrices 
have been developed including a porous sponge of collagen and glycosami- 
noglycan (5,6) and a fibroblast contracted collagen lattice (7,8). We and others 
have had success with a dermal analog of acellular human dermis that is 
deepithelialized and rendered completely acellular (9-12). Acellular dermis is 
relatively nonimmunogenic and retains many of its stmctural elements after 
processing. Skin substitutes using acellular dermis can be formed in vitro and 
subsequently transplanted to athymic mice, generating a well-differentiated and 
fully pigmented epidermis with many characteristics of normal skin (11,12). 

Epidermal keratinocytes have been shown to be an attractive target for ex 
vivo gene therapy because the cells are easy to obtain by biopsy, grow rapidly 
under appropriate culture conditions, can be transplanted, and can be geneti¬ 
cally modified by retroviral-mediated gene transfer (13). Applications of gene¬ 
tically modified skin grafts include the systemic delivery of therapeutic 
proteins, such as clotting factor IX (14) ; the local delivery of wound healing 
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growth factors, such platelet-derived growth factor (PDGF), for the treatment 
of burns and ulcers (15,16) ; and the correction of inherited defects of the skin, 
such as lamellar ichthyosis (17) or epidermolysis bullosa (18,19). 

There are some clear advantages to using recombinant retroviruses for the 
ex vivo genetic modification of keratinocytes versus other methods of gene 
transfer. The frequency of gene transfer by retroviruses is relatively high, and 
the transgene delivered by a recombinant retrovirus is stably integrated into the 
genome of the cell. Therefore, large numbers of keratinocytes in culture can be 
simultaneously genetically modified, and a high frequency of gene transfer 
increases the likelihood of modifying the epidermal stem cell. Moreover, since 
the introduced genes are stably integrated, the genetically modified cells can 
be further proliferated in vitro without loss of the introduced gene. Thus, for 
some applications in wound healing, this property can be used to prepare large 
cell banks of genetically modified cells. 

In this chapter, we describe methods for the culture and ex vivo genetic 
modification of diploid human keratinocytes using retroviral-mediated gene 
transfer, the preparation of acellular dermis and the generation of composite 
skin substitutes of genetically modified keratinocytes seeded on acellular der¬ 
mis, and the transplantation of these grafts to athymic mice. 

2. Materials 

2. 1. Cell Culture and Genetic Modification of Keratinocytes 

1. Human diploid keratinocytes established from neonatal foreskins and cultured 
using a feeder layer (20). 

2. Fibroblast feeder layer: 3T3-J2 mouse fibroblast cell line (originally provided by 
H. Green, Department of Physiology and Biophysics, Harvard Medical School, 
Boston, MA). 

3. Cell lines producing recombinant retroviruses are constructed or are available 
from many academic sources. 

4. Fibroblast tissue culture medium: Dulbecco’s modified Eagle’s medium (DMEM; 
high glucose, r-glutamine, 110 mg/L sodium pyruvate; Life Technologies, 
Gaithersburg, MD), bovine calf serum (BCS) 10% (HyClone, Logan, UT), peni¬ 
cillin/streptomycin (Life Technologies) 100 IU/mL/100 pg/mL. 

5. Mitomycin C (Roche Biochemicals, Indianapolis, IN): 15 pg/mL in serum-free 
DMEM. 

6. Keratinocyte tissue culture medium (KCM): 

a. DMEM/Ham’s F12 medium (Life Technologies) 3:1. 

b. Fetal bovine serum (FBS) 10% (HyClone, Logan, UT). 

c. Penicillin/streptomycin 100 IU/mL/100 pg/mL. 

d. Adenine (6-aminopurine hydrochloride; Sigma, St. Louis, MO). Make up 
fresh at time medium is prepared. Prepare stock (50x) of 1.2 mg/mL in serum- 
free DMEM/Ham’s F12 (3:1), adjust pH to 7.5 with 1 ANaOH; sterilize by 
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filtration using a 0.45-jam filter; add 2 mL of stock to 100 mL of KCM; final 
concentration: 1.8 x lO'^'M. 

e. Cholera toxm(Vibrio cholerae, type Inaba 569 B; Calbiochem, La Jolla, CA): 
Prepare concentrated stock of 10'^Min distilled water and store at 4°C; take 
0.1 mL of concentrated stock and make up to 10 mL with DMEM (10% fetal 
calf serum [PCS]), sterilize by filtration using a 0.45-|am filter, aliquot in 
1-mL portions (10'^ M), store at -20°C, and add 0.1 mL to 100 mL of KCM; 
final concentration: 10"'° M. 

f. Epidermal growth factor (mouse; Collaborative Biomedical Products, 
Bedford, MA): Resuspend lyophilized material in distilled water to prepare 
stock of 10 |ig/mL; sterilize by filtration using a 0.45-|am filter, aliquot in 
1-mL portions, and store at -20°C; add 0.1 mL to 100 mL KCM with first 
medium change; final concentration: 10 ng/mL. 

g. Hydrocortisone (chromatographic standard; Calbiochem): Prepare stock of 5 
mg/mL in 95% ethanol and store at 4°C; take 0.4 mL of stock and make up to 
10 mL with serum-free DMEM, sterilize by filtration using a 0.45-|am filter, 
and aliquot in 1-mL portions; add 0.2 mL to 100 mL of KCM; final concen¬ 
tration: 0.4 jUg/mL. 

h. Insulin (pork, 100 U/mL [3.8 mg/mL]; Novo Nordisk, Princeton, NJ): Add 
0.13 mL of stock to 100 mL of KCM; final concentration: 5 |lg/mL. 

i. T/T3 stock (transferrin/triiodo-L-thyronine stock): T stock (transferrin, 
human, partially iron saturated; Boehringer) 5 mg/mL in phosphate-buffered 
saline (PBS); for T3 stock (3,3',5 triiodo-L-thyronine, sodium salt, Sigma) 
dissolve 13.6 mg in a minimum amount of 0.02 N NaOH and make volume up 
to 100 mL with distilled water, sterilize by filtration using a 0.45-|am filter, 
and store at -20°C (2 x lO'^^M); add 0.1 mL T3 stock to 9.9 mL of T stock, 
sterilize by filtration using a 0.45-jam filter, aliquot in 1-mL portions, and 
store at-20°C; add 0.1 mL ofT/T3 stock to 100 mL ofKCM; final concentra¬ 
tion, transferrin: 5 jUg/mL, triiodo-L-thyronine: 2 x 10'®M. 

7. PBS-EDTA solution: 5 rtiMEDTA (Life Technologies) in PBS; sterilize by fil¬ 
tration using a 0.2-|am filter. 

8. Trypsin solution (trypsin 1-300; ICN Biochemicals, Costa Mesa, CA): o-dex- 
trose 0.1% (w/v), trypsin 0.1% (w/v) in PBS, pH 7.5; sterilize by filtration using 
a 0.45-|am filter, store at -20°C, and avoid repeated thawing/freezing. 

9. Trypsin/PBS-EDTA solution: Mix together trypsin solution and PBS-EDTA 
solution (1:1). 

10. PBS: 138 mMNaCl, 2.7 mMKCl, 8.1 mMNa 2 HP 04 , 1.5 mMKH 2 P 04 , sterilize 
by filtration using a 0.2-|am filter. 

2.2. Preparation of Acellular Dermis 

1. Minipig (Minipig-YU Yucatan) (see Note 1). 

2. Surgical prep: Sterile drapes, gowns, gloves, mask, 4x4 gauze, nylon gauze, 
70% isopropyl alcohol, Betadine surgical scrub and prep solution, topical min- 
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eral oil (sterile), 0.9% sodium chloride irrigation solution, OR/scrub soap solu¬ 
tion, OR scrub brush, disposable shaving razors, skin wax, clippers. 

3. Sterile dermatome with blades (Padget or Zimmer). 

4. Sterile disposable wide-mouth bottles (500 mL). 

5. Cryopreservation solution (DMEM with 15% glycerol). 

6. Surgical instruments: Sterile scissors, tissue forceps, #15 sterile disposable scal¬ 
pels (Feather). 

7. Sealable plastic or aluminum pouches, 6.5 x 8 inches (Kapak Seal Pak Pouches, 
Minneapolis, MN). 

8. Liquid nitrogen. 

9. Sterile PBS and DMEM (Life Technologies). 

10. PBS with antibiotic cocktail: 300 pg/mL gentamycin (Sigma), 30 pg/mL 
ciprofloxacin (Bayer Corporation, West Flaven CT), 7.5 pg/mL amphotericin B 
(Life Technologies), 300 IU/mL/300 pg/mL penicillin/streptomycin (Life Tech¬ 
nologies) {see Note 2). 

2.3. Preparation of Genetically Modified Skin Substitutes 

1. 6-well tissue culture plates (Falcon). 

2. Porous stainless steel squares 2 x 2 cm wide, 2-3 mm thick, and 100-pm pore 
size (Mott Corporation, Farmington, CT). Clean squares by soaking overnight in 
10 NNaOFl followed by extensive washing in distilled water (>1 h) and then 
autoclaving. 

3. Surgical instruments: Two pairs of fine forceps (tweezers) without teeth. 

4. Keratinocyte seeding medium (22,23): 

a. DMEM/Ham’s F12 medium (Life Technologies) (3:1). 

b. Fetal bovine serum 1% (FlyClone). 

c. Penicillin/streptomycin 100 IU/mL/100 mg/mL (Life Technologies). 

d. Ascorbic acid (Sigma): This is light sensitive, so work quickly and cover the 
tubes and container with aluminum foil; add 1 g ascorbic acid to 20 mL sterile 
dFl20 and dissolve completely; sterilize by filtration using a 0.45-mm filter, 
aliquot in 1-mL portions, and store at -20°C; add 0.1 mL to 100 mL of seed¬ 
ing medium; final concentration 50 pg/mL. 

e. Final concentration 10'*° M cholera toxin (prepare stock as described under 
Subheading 2.1.). 

f. Final concentration 0.2 pg/mL hydrocortisone (prepare stock as described 
under Subheading 2.1.); add 0.1 mL to 100 mL of seeding medium. 

g. Final concentration 5 pg/mL insulin (prepare stock as described under Sub¬ 
heading 2.1.). 

5. Keratinocyte priming medium: Equal to keratinocyte seeding medium supple¬ 
mented with: 

a. Bovine serum albumin (Sigma): Add 1.63 g/L directly to medium after FBS, 
but before additional medium supplements; final concentration: 24 rtiM. 

b. L-serine (Sigma): Add 2.10 g of serine to 20 mL sterile dFl20, dissolve com¬ 
pletely, and sterilize by filtration through a 0.45-pm filter. Aliquot in 1-mL 
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portions and store at -20°C; add 0.1 mL per 100 mL of priming medium; final 
concentration: 1 mM. 

c. L-carnitine (Sigma): Add 49.4 mg of carnitine to 25 mL dH20, dissolve com¬ 
pletely, and sterilize by filtration through a 0.45-mm filter. Aliquot in 1-mL 
portions and store at-20°C; add 0.1 mLper 100 mL of priming medium; final 
concentration: 10 \xM. 

d. Fatty acid cocktail. Oleic acid (Sigma): Add 790 pL to 10 mL 100% ethanol, 
aliquot in 1-mL portions, and store at -20°C. Linoleic acid (Sigma): Add 470 
pL to 10 mL 100% ethanol, aliquot in 1-mL portions, and store at -20°C. 
Arachidonic acid (Sigma): Add 46.3 pL to 2 pL 100% ethanol; make this fatty 
acid fresh each time. Palmitic acid (Sigma): Add 638 mg to 10 mL 100% 
ethanol, aliquot in 1-mL portions, and store at -20°C. Warm 2 mL of each 
fatty acid in a water bath, add into a 15-mL tube, mix well, and aliquot in 400- 
pL portions in sterile Eppendorf tubes; store in upright manner to prevent 
leaking; add 40 pi per 100 mL of priming medium; final concentrations: 25 
pM oleic acid, 15 pM linoleic acid, 7 pM arachidonic acid, 25 pM palmitic 
acid (22). 

6 Air/liquid interface medium: Equal to serum-free keratinocyte priming medium 
supplemented with 1.0 ng/mL epidermal growth factor (Collaborative Biomedi¬ 
cal Products). Prepare stock as described under Subheading 2.1. and add 10 pL/ 
100 mL of air/liquid interface medium. 

2.4. Transplantation of Genetically Modified Skin Substitutes 

1. Surgical instruments: Small, sharp scissors, sterile disposable scalpels, two pairs 
of fine tissue forceps (tweezers) without teeth, small needle holder, 1-pL tuber¬ 
culin syringes, razor blades, sterile cotton swabs. 

2. 6-0 nylon sutures (Ethicon, Somerville, NJ) with a small (P-1) cutting needle. 

3. Skin prep: 70% isopropyl alcohol, Betadine surgical prep solution, tincture of 
Benzoin skin adhesive, triple antibiotic ointment. 

4. Skin dressing: Telfa no-stick gauze (Kendall, Mansfield, MA), Tegaderm® poly¬ 
urethane occlusive dressing (3-M), 4.4 x 4.4-cm size, 3-M flexible Sports Band- 
Aid (must be at least 7/8-1 inch wide), 1-inch-wide elastic adhesive tape (Johnson 
and Johnson). 

5. Anesthesia (2,2,2-tribromoethanol, Sigma: Prepare concentrated stock of 1.6 g/ 
mL in 2methyl-2butanol and store at 4°C. Before use, prepare a working solution 
by diluting 12 pL (concentrated stock)/mL 0.9% NaCl at 40°C. Allow to slowly 
cool to room temperature before use. Sterilize by filtration using a 0.45-pm filter. 

6. Skin substitutes in 6-well plates. 

7. 37% formalin (Sigma): Dilute stock 1:10 (v/v) in PBS. 

8. O.C.T. Compound (Sakura Finatek, Torrance, CA). 

9. Dry ice (block form). 

10. Camera for photo documentation (with macro lens). 

11. Athymic nude mice, NIH Swiss nu, 6-8 weeks old, average weight 20-30 g (out- 
bred, TAC:N;NIFS-nuDF; Laconic, Germantown, NY). 

12. Dental wax (Byte ryte; Mizzy, Cherry Hill, NJ). 


208 


Hamoen et at. 


3. Methods 

3.1. Cell Culture and Genetic Modification of Keratinocytes 

1. For genetic modification, we prefer to use cultured primary keratinocytes iso¬ 
lated from neonatal foreskins and cultured using a feeder layer (20,21). 

2. Grow 3T3-J2 fibroblast feeder cells (used for the routine culture of keratinocytes) 
in 175-cm^ flasks in fibroblast tissue culture medium in a 37°C incubator with 
10% CO 2 . Pass fibroblasts for a total of 12 times approximately twice a week, 
seeding 0.5 x 10® cells/flask at each passage. 

3. To prepare a feeder layer for cocultivation with keratinocytes, plate 2x10® 3T3- 
J2 cells in a 75-cm^ flask in fibroblast tissue culture medium and incubate over¬ 
night in tissue culture medium at 37°C in 10% CO 2 . 

4. To limit the growth of the feeder layer cells, treat the 3T3-J2 cells with DMEM 
(no serum) supplemented with mitomycin C (15 pg/mL, in a 15 mL/75-cm^ flask) 
for 2 h at 37°C in 10% CO 2 . 

5. After 2 h, remove the mitomycin C-containing medium and wash cells 3x with 
DMEM (no serum). Add 15 mL KCM (without epidermal growth factor [EGF]) 
and equilibrate flasks in humidified incubator (37°C, 10% C02) for at least 2 h 
prior to adding keratinocytes. 

6. For the genetic modification of human keratinocytes, use a fibroblast-based virus 
producer cell line that sheds the recombinant retrovirus of interest instead of the 
3T3-J2 fibroblast feeder layer. Use the same cell density and mitomycin C treat¬ 
ment for the virus producer cell line. Prepare parallel plates of control unmodi¬ 
fied (3T3-J2 fibroblast feeder layer) and genetically modified (virus producer 
cell line). 

7. Prior to dissociation of the keratinocytes for passage onto the new 3T3-J2 feeder 
layer or the feeder layer of virus-producing cells, remove the old feeder layer by 
adding 10 mL of PBS-EDTA solution to the 75-em^ flask. Allow to sit for 
approximately 1 min and then shake flasks vigorously to dislodge the old feeder 
layer. Visualize that the feeder layer is detached under the microscope. Repeat if 
necessary {see Note 3). 

8. Remove PBS-EDTA wash, gently rinse with a final PBS-EDTA wash, and 
remove. 

9. Add 10 mL of prewarmed trypsin/PBS-EDTA solution, incubate at 37°C, 10% 
CO 2 for no longer than 8 min, and check periodically under microscope. 

10. When cells are dissociated, add 10 mL of KCM (no EGF) to neutralize trypsin. 

11. Pipet up and down about 5 times to break up cell clumps. 

12. Spin down cells, resuspend and count. 

13. Add 10® keratinocytes to each of the 75-cm^ flasks that contain either a mitomy¬ 
cin C-treated 3T3-J2 fibroblast feeder layer (control unmodified) or a mitomycin 
C- treated virus producer eell line (genetically modified). 

14. Next day, change the medium to KCM with EGF and feed every other day with 
this medium. After 4-6 days of cocultivation with either the 3T3-J2 fibroblast 
feeder layer or the virus producing cells, the keratinocytes have been genetically 
modified and are ready to be subcultured. 
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15. Dissociate keratinocytes by treatment with trypsin/PBS-EDTA (as described 
above), count, and pass cells to new dishes containing the normal 3T3-J2 fibro¬ 
blast feeder layer to expand cell numbers for various purposes such as numerous 
analyses on the effects of genetic modification as well as cryopreservation of the 
cells. These keratinocytes can also be seeded on acellular dermis to prepare gene¬ 
tically modified skin substitutes for transplantation to athymic mice. 

3.2. Preparation of Acellular Dermis 

1. Acellular dermis for the preparation of genetically modified skin substitutes is 
prepared from split-thickness skin harvested from human cadavers or from pigs 
(see Note 1). What follows is the procedure for the preparation of acellular der¬ 
mis from pig skin. 

2. The person doing the prep and harvest does a full surgical scrub and then gowns 
in sterile attire including mask and cap. 

3. Remove hair of prospective donor sites with clippers and disposable razors or 
strip using hair wax. Hair wax does not work on skin that has been shaved. 

4. Wash the area to be harvested several times with soap solution followed by ster¬ 
ile saline. Prepping is performed in a circular fashion starting in the center and 
working out. 

5. Apply Betadine surgical scrub to the skin and scrub the skin gently for several 
minutes with an OR scrub brush. 

6. Wash the area with sterile saline and then paint 3 times using sterile gauze soaked 
in Betadine. 

7. Allow the Betadine to dry (approx 5 min) and then wash the skin with sterile 
gauze soaked in 70% isopropyl alcohol prep solution. 

8. Drape the area to be harvested and cover all unprepped areas of the body with 
sterile sheets or towels. 

9. The person who prepped the area now regowns and regloves or a second person 
harvests the grafts. 

10. Lock a fresh dermatome blade into the apparatus (Padget or Zimmer dermatome) 
and then screw the maximum width guard tightly down onto the blade. Set the 
skin harvest thickness at 0.015 inches. 

11. Apply sterile mineral oil onto the donor area to help the dermatome move 
smoothly on the skin. Place the bevel of the dermatome on the donor site with the 
right hand. The angle of the dermatome to the skin is approx 45°. The left hand 
rests firmly on the skin behind the instrument and a second person makes coun¬ 
tertraction on the other end of the skin. Depress the control button or lever and 
apply a steady and firm forward and downward pressure to begin the skin 
removal. To complete the cut, tilt the dermatome gradually with the bevel upward 
and release the control. Check skin thickness as you harvest because thickness 
may vary with applied pressure and site of harvest. Long harvests from the back 
of the animal are preferred. 

12. Remove the skin from the dermatome with sterile forceps and place in a wide- 
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mouth 500-mL bottle containing 300 mL of sterile PBS two to three long (approx 
40 cm) pieces of skin/bottle. 

13. Repeat the harvesting of split-thickness skin from several new areas. 

14. In a laminar flow hood, wash the skin in sterile PBS 3 times, transferring the skin 
each time to a new bottle with fresh PBS. All subsequent steps in handling the 
skin are performed in a laminar flow hood using sterile technique. 

15. Place the skin in PBS with antibiotic cocktail and keep at 4°C for 1 day. The next 
day, transfer skin to a new bottle containing cryopreservation solution (300 mL) 
and return to the refrigerator for 2 h. 

16. Remove the skin from the bottle and spread flatly onto sterile mesh gauze soaked 
in cryopreservation medium. Place the skin and gauze into sterile plastic or alu¬ 
minum pouches and seal. 

17. Freeze the pouches at -20°C for 24 h and transfer to -80°C for long-term storage. 

18. To prepare acellular dermis, thaw each pouch of frozen skin by immersion in a 
tub of water at 15-20°C for about 10 min or until skin is pliable. Then refreeze 
the pouch rapidly in liquid nitrogen. This rapid freeze-thaw cycle devitalizes the 
cells and is repeated for a total of 3 times. 

19. In a laminar flow hood using sterile technique, remove each piece of skin from its 
pouch and place in a sterile 500-mL bottle containing sterile PBS (300 mL). Wash 
the skin 3 times with sterile PBS and then place in a new bottle with PBS with 
antibiotic cocktail and refrigerate at 4°C for 1 week. 

20. After 1 week at 4°C, replace the old PBS with antibiotic cocktail with fresh PBS 
with antibiotic cocktail and incubate the skin at 37°C for another week. 

21. At the end of this week, place the skin in a sterile 15-cm dish and gently remove 
the epidermis by peeling or gentle scraping with forceps. Epidermis that remains 
adherent will detach spontaneously in the following weeks. 

22. After removing most of the epidermis, return the skin to a new bottle, wash once 
with PBS, and then transfer to a new bottle with fresh PBS with antibiotic cock¬ 
tail. Refrigerate at 4°C for 4 more weeks to remove any remaining cells {see 
Note 4). 

23. After 4 weeks, the dermis is acellular and should be tested for sterility before use. 
Using sterile technique cut off a small piece, place in DMEM (no antibiotics) and 
incubate at 37°C for 48 h. 

24. Prior to use, wash the acellular dermis 3 times with DMEM (no serum) to remove 
residual antibiotics {see Note 5). 

3.3. Preparation of Genetically Modified Skin Substitutes 

1. Use porous stainless steel squares (2x2 cm) as a bed for skin substitutes in both 
submerged and air/liquid cultures. Soak stainless steel squares in DMEM and 
then, using sterile forceps, place one in each well of a 6-well tissue culture dish 
{see Note 6). 

2. Cut the acellular dermis into 1.25-1.5-cm^ pieces using forceps, a #10 scalpel 
blade, and sterile technique. After removal of excess liquid, place each piece of 
dermis on a porous stainless steel square, papillary side up. The papillary side of 
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Fig. 1. (a) Skin substitutes are prepared by seeding human keratinocytes on acellu¬ 
lar porcine dermis. Subsequently the skin substitute is cultured submerged for 3 days 
followed by 7 days at the air/liquid interface, (b) Macroscopically a sheen of epider¬ 
mis on the surface of the dermis can be visualized, (c) Microscopically, keratinocytes 
form a stratified and differentiated epidermis, (d) Skin substitutes of keratinocytes 
genetically modified to secrete keratinocyte growth factor (KGF) form a thicker epi¬ 
dermis {24). 


the acellular dermis can be distinguished from the reticular side by a rougher feel 
and duller sheen. Incubate the dermis on the stainless steel square for 1/2 h at 
37°C. 

3. Trypsin treat control and genetically modified keratinocytes as described in Sub¬ 
heading 3.1., resuspend in seeding medium, and seed onto the surface of each 
piece of acellular dermis (2.5 x 10^ cells/ cm^ in about 100 pL medium) (Fig. 1). 

4. Incubate at 37°C for about 1/2 hour. The medium is absorbed by the dermis and 
porous stainless steel. Preliminary cell attachment occurs. Watch carefully and 
do not allow it to become too dry. Add 4 mL of seeding medium gently to the 
well so that the skin substitute is submerged under medium. 

5. After 24 h, remove the seeding medium by aspiration. Be sure to place the tip of 
the aspirator onto the porous stainless steel square to remove spent medium inside 









212 


Hamoen et at. 



Fig. 2. Transplantation of skin substitutes, (a) Graft placed on a full-thickness de¬ 
fect on the dorsum of an athymic mouse. The graft is dressed first with Telfa and 
Tegaderm (b) and then a flexible Band-Aid (c) and then wrapped circumferentially 
with a tape (d). 


the porous stainless steel. Add 4 mL of priming medium gently to the well so that 
the skin substitute is submerged under medium. 

6. After 48 h, remove priming medium by aspiration. Add air/liquid medium until it 
is level with the top surface of the stainless steel. Do not submerge the skin sub¬ 
stitute. Now the underside of the dermis is exposed to medium, and the 
keratinocytes on the surface are exposed to air (Fig. 1). Exposure to the air stimu¬ 
lates the keratinocytes to differentiate and form a stratified epidermis (Fig. 1; see 
Note 6). 

7. Grow skin substitutes at air/liquid interface for a minimum of 7 days and no 
longer than 14 days. Feed with air/liquid medium every other day, being careful 
not to splash medium onto the surface of the skin substitute. 

3.4. Transplantation of Genetically Modified Skin Substitutes 

1. In a laminar flow hood, anesthetize athymic mice with an intraperitoneal injec¬ 
tion of approximately 0.7-0.8 mL of 2,2,2-tribromoethanol (25-G, 3/4-inch 
needle, 30 pL working solution per gram of mouse). 

2. Wash the left shoulder area of the mouse first with 70% alcohol and then with 
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Betadine. After the Betadine has dried, mark out a 1.25-1.5-cm^ square on the 
left subscapular region of the mouse. (The square should be no larger than the 
graft to be transplanted.) 

3. Use sharp straight scissors to create a full-thickness (including the panniculus 
camosus) defect down to the fascia of the dorsal musculature and remove the 
entire piece of skin by scissors dissection. If bleeding is encountered, control it 
by 1-2 min of gentle pressure or cauterization (see Note 7). 

4. Remove skin substitute from the stainless steel using a small flat spatula and 
transfer to the wound (Fig. 2). 

5. Once on the wound, trim either the skin substitute or the wound edges to generate 
a precise fit of the graft to the defect. (A starting skin substitute slightly bigger 
than the defect is ideal.) Stitches in the corners can be used to anchor the graft to 
the wound, but have been unnecessary. 

6. Cut two pieces of Telfa slightly larger than the wound. Apply triple antibiotic 
ointment to one piece of Telfa and apply this to the skin substitute. Apply another 
piece of Telfa on top of the first piece (to act as a compressive dressing), and 
secure both pieces with four 6-0 nylon sutures on each of the four sides (tacked to 
the surrounding mouse skin, not the graft). Be sure not to pull wound edges away 
from edges of the skin substitute. 

7. Use a sterile cotton swab to apply tincture of Benzoin to the mouse skin on all 
sides of the wound. This will make the mouse skin sticky. Be sure not to get any 
on the skin substitute. 

8. Apply a 4.4 x 4.4 cm piece of Tegaderm polyurethane occlusive dressing over 
the Telfa dressing. The Tegaderm, which is adhesive, should form a tight seal for 
several millimeters around the wound and adhere tightly to the mouse skin (aided 
by the Benzoin) (Fig. 2). 

9. Using a tuberculin syringe, inject approximately 0.7 mL of keratinocyte culture 
medium (with EOF) through the Tegaderm into the Telfa pads to keep the grafts 
moist for the first few days. 

10. Trim a 3-M flexible Sports Band-Aid so that only the pad and a thin (5-mm) 
adhesive strip around the pad remains. Place this Band-Aid over the Tegaderm 
on top of the wound. Use a 6-0 nylon suture to secure the Band-Aid to the sur¬ 
rounding mouse skin (Tegaderm included). This is a running stitch that travels 
around the entire circumference of the Band-Aid (Fig. 2). 

11. Finally, wrap a long piece (approx. 30-40 cm) of 1-inch elastic tape 
circumferentially (3-4 times) around the mouse to cover the Band-Aid. Care must 
be taken not to wrap too closely to the mouse’s hind legs, so as not to hinder the 
mouse’s movement after surgery or too tightly, which would interfere with the 
mouse’s breathing (Fig. 2). 

12. If the whole procedure is performed correctly, the mouse retains its mobility and 
the dressing remains occlusive for at least 4-7 days (enough to allow epithelial- 
ization of the gaps between the mouse skin and the graft). The dressing should 
not be changed for at least 1 week and can, in fact, be left on indefinitely (see 

Note 8). 
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Fig. 3. Skin substitute in vivo. By 7 days the graft is well incorporated into the 
surrounding mouse skin, and histology reveals a fully stratified epidermis, an inter- 
digitating dermal-epidermal junction, and a revascularized dermal matrix that is well 
populated with host fibroblasts. 

13. To harvest the graft, sacrifice the animal by CO 2 asphyxiation. Carefully remove 
dressing so as not to disturb graft. Photograph and trace the outline of the graft 
while it is still on the mouse. 

14. Harvest the entire graft by making a full-thickness incision down to and through 
the dorsal thoracic musculature of the mouse with sharp scissors. The harvest 
should include the muscle underlying the graft, but not the mouse ribs. Be sure to 
include a segment of normal mouse skin around the edges of the graft. 

15. Spread the dissected graft on a piece of dental wax (Byte ryte, Mizzy) and use a 
razor blade to divide the graft into two pieces. Place one piece immediately in a 
solution of 3.7% formalin and process for paraffin sectioning. Submerge the other 
piece in O.C.T. embedding medium for frozen tissue specimens. Snap-freeze this 
piece on a flat block of dry ice, label, and transfer to storage at -80°C. By one 
week, grafts have formed a stratified and differentiated epidermis and the dermis 
is repopulated with fibrovascular cells of the host (Fig. 3). 

4. Notes 

1. Young minipigs are preferred as a source of skin because they have less hair and 
the hair follicles have a relatively small diameter. These holes are present in the 
final acellular dermis and if they are too big they can present problems with seeded 
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cells on the surface. Acellular dermis prepared from pig split-thickness skin that 
is too thick may not transplant well but can be useful for in vitro analyses. Human 
acellular dermis is preferred for transplantation studies. 

2. To prevent microbial growth, antibiotics should always be present in the storage 
solutions. According to our experience 3x higher doses of antibiotics are needed 
for porcine skin versus human skin. 

3. Cells must be actively dividing in order to be genetically modified with recombi¬ 
nant retroviruses. It is imperative that optimal cell proliferation be maintained. 
Moreover, keratinocytes lose their growth potential after they reach confluence. 
Therefore, we recommend that the primary cultures of keratinocytes be passed 
onto the virus-producing feeder layer prior to reaching confluence. Methods to 
prepare primary cultures of keratinocytes from biopsies have been described pre¬ 
viously (21). 

4. It cannot be overemphasized how important sterile technique is at all stages of the 
preparation of acellular dermis. Even the slightest contamination can blossom into 
fulminant bacterial overgrowth once the dermis is placed into culture medium. 

5. When skin is prepared as described above, the dermis is rendered completely acel¬ 
lular, but it retains key architectural elements such as papillary projections and 
elastin fibers. 

6. The stainless steel squares used for growth of skin substitutes at the air/liquid 
interface are highly porous and act like a sponge for culture medium. Their fiat 
surface is superior to the meshed screens that we have used in the past. It is impor¬ 
tant to aspirate out the spent medium that is inside the stainless steel plate. 

7. Many other researchers have described preservation of the panniculus camosus to 
aid in survival of the transplanted skin graft. We do not find this to be necessary 
and have found that it serves to increase the length and difficulty of the procedure. 

8. We do not use systemic antibiotics for the mice during or after the procedure. 
Good sterile technique results in few to no infections. 
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1. Introduction 

Most recent gene therapy protocols describe in vivo delivery of foreign 
genes by means of injecting adenoviral, adeno-associated, or lentiviral par¬ 
ticles (1-4). Although these delivery systems show great promise, it is reason¬ 
able to believe that ex vivo gene therapy may move through clinical trials more 
swiftly due to the added safety factors associated with keeping all virus outside 
the patient. Ex vivo gene transfer into rapidly dividing cells by means of 
retroviral transduction or stable transfection has produced cells secreting a vast 
variety of growth factors, including insulin (5), granulocyte colony-stimulat¬ 
ing factor (6), growth hormone (7,8), dopamine (9), and erythropoietin (10). 
These cells can then be transplanted back into the body to provide a therapeutic 
protein treatment. 

By combining ex vivo gene delivery and tissue engineering, our laboratory 
has developed an efficient method of transplanting ex vivo modified cells back 
into the body. We first genetically modify skeletal muscle cells and then engi¬ 
neer them into organized tissue constructs (bioartificial muscles [BAMs]) con¬ 
taining parallel arrays of postmitotic skeletal myofibers. The BAMs are then 
implanted in vivo as living protein factories capable of delivering predictable 
levels of protein depending on the number of BAMs implanted or the number 
of cells per BAM (11). Although skeletal muscle cells are the primary focus of 
our studies, we also genetically modified and tissue engineered other cell types 
(fibroblasts, cardiomyocytes, osteoblasts) into organized constructs for poten¬ 
tial use in gene therapy. This chapter describes the procedures we developed to 
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form BAMs from primary adult mouse muscle cells and highlights some 
potential uses in the field of gene therapy. The protocols presented include 
isolation of primary mouse muscle cells, retroviral transduction, tissue engi¬ 
neering of BAMs, and subcutaneous implantation of BAMs. 

1.1. Bioartificial Muscles for Gene Therapy 

BAMs have been used in our laboratory for multiple purposes, including 
studies of muscle organogenesis (12), muscle atrophy (13), attenuation of 
muscle wasting (11), evaluation of bioreactor perfusion systems (14), and gene 
therapy/protein delivery (15,16). As a long-lived implantable living protein 
delivery device, BAMs are capable of producing and secreting high levels of 
recombinant proteins locally and into the systemic circulation (11,15). These 
devices have the potential to treat a wide variety of human disorders that are 
caused by alterations in protein turnover and are currently either being treated 
with daily injections of pharmaceutical agents or left untreated. Some potential 
applications are treating adult-onset growth hormone deficiency with recombi¬ 
nant human growth hormone (rhGH), cardiac failure with a combination of 
rhGH and recombinant human insulin-like growth factor I (17,18), limb 
ischemia with vascular endothelial growth factor, or diabetes with insulin. Skel¬ 
etal myofibers have a high protein synthesis capacity and therefore have the 
ability to secrete a plethora of proteins limited mainly by vector development 
and integration of a foreign gene into the chromosomes. Our laboratory has 
formed BAMs expressing rhGH, recombinant human insulin-like growth fac¬ 
tor I, erythropoietin, vascular endothelial growth factor, bone morphogenetic 
protein-6, and B galactosidase. 

1.2. Advantages of Bioartificial Muscles 
for Gene Therapy 

As mentioned earlier, BAMs are implantable protein factories. Unlike many 
gene therapy applications, by using BAM technology the level of in vitro pro¬ 
tein secretion can be monitored and used to predict the in vivo therapeutic level 
(11). This is important for reasons of safety, dosing, and predictability of side 
effects. Sustained protein delivery at low levels will have advantages over the 
bolus doses that result from daily injections (19). For example, our laboratory 
has shown that murine BAMs constituitively secreting low levels of rhGH and 
implanted subcutaneously into mice attenuate skeletal muscle wasting whereas 
daily injections of rhGH are ineffective (11). In addition, BAM therapy does 
not subject the patient to direct exposure to viral particles. This alleviates the 
possibility of infecting undesirable cells with circulating virus. Finally, the 
transduced cells are postmitotic and nonmigratory, so the genetically modified 
cells do not reenter the cell cycle and remain at the implant site. 
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Several limiting factors may be encountered when scaling up to treat human 
disorders based on rodent studies. One problem is the time needed for myo¬ 
blast expansion. We can obtain autologous human muscle cells with ease using 
standard needle biopsy of the vastus lateralis. We then expand these cells to 
provide a sufficient number for gene therapy; however, the expansion process 
takes approximately 1 month (16). BAM therapy therefore requires at least two 
physician visits, for muscle biopsy and for BAM implantation. Since the tech¬ 
nology cannot be used to treat a disorder immediately, it is primarily aimed at 
treating chronic disorders such as muscle wasting, heart failure, and anemia. 
One pathway around this issue is the establishment of an allogeneic cell bank. 
Myoblasts from one patient might be expanded, transduced, and stored for the 
use in several, if not many, future patients. However, allogeneic cells would 
elicit an immune response in vivo and therefore the BAMs would need to be 
immunoprotected by way of a membranous structure. Fortunately, these obsta¬ 
cles can probably be overcome without major changes to the existing BAM 
technology. 

2. Materials 

2.1. Isolation of Primary Mouse Muscie Ceiis 

1. Male C3HeB/FeJ mice, 4-6 weeks old (Jackson Laboratories, Bar Harbor, ME). 

2. CO 2 chamber. 

3. 70% ethanol. 

4. Small bone scissors. 

5. Small dissecting scissors. 

6. Forceps, curved #7 (2 pair). 

7. Phosphate-buffered saline (PBS). 

8. Petri dishes (60-mm diameter, non-tissue culture-treated). 

9. Fibroblast growth medium (FGM; Clonetics, cat. no. 3130). 

10. Trypsin (Sigma, cat. no. T4549). 

11. Type V collagenase (Sigma, cat. no. C9263). 

12. Wheaton Double Sidearm Jacketed Cell Stirrer (Bellco Glass, cat. no. 1965- 
50050). 

13. Fetal bovine serum (FBS; Sigma, cat. no. F2442). 

14. Primary mouse myoblast growth medium (PMMGM): 20% (v/v) FBS, 1% (v/v) 
penicillin/streptomycin, and 1% (v/v) ITS-M (Sigma, cat. no. 12521) in a 50:50 
blend of FGM and Dulbecco’s modified Eagle’s medium (DMEM; Gibco, cat. 
no. 11995-040). 

15. 15-mL centrifuge tubes. 

16. 50-mL centrifuge tubes. 

17. Magnetic stir plate. 
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2.2. General Cell Culture 

1. Collagen-coated tissue culture dishes (100-mm diameter) {see Note 1). 

2. PMMGM (see Subheading 2.1., item 14). 

3. Primary adult mouse myoblasts. These cells are isolated using the protocol 
detailed below. The cells should not be allowed to grow beyond 70% confluence 
(see Note 2). 

4. Earle’s balanced salt solution, without Ca^^ and Mg^^ (BBSS). 

5. Trypsin (Sigma, cat. no. T4549). 

6. Versene (Gibco, cat. no. 15040-066). 

7. 50-mL centrifuge tubes. 

2.3. Retroviral Transduction of Primary Mouse Muscle Cells 

Most applications for the use of bioartificial muscles for gene therapy require 
long-term secretion of a desired protein. For this reason, our laboratory prima¬ 
rily uses retroviral transduction as the means for stable gene insertion into the 
primary mouse muscle cells. Flowever, individual labs may choose a method 
of gene insertion that best suits their needs. The materials listed below are 
those needed if one is beginning with a stock of frozen virus-containing- 
medium (VCM). 

1. VCM (jee Note 3). 

2. Polybrene (hexadimethrine bromide; Sigma cat no. H9268). 

3. PMMGM {see Subheading 2.1., item 14). 

4. Collagen-coated 6-well plates (35-mm-diameter wells). 

5. Collagen coated tissue culture dishes (100-mm diameter). 

6. Parafilm. 

7. Heated centrifuge (Jouan, model CT422). 

2.4. Fabrication of Tissue Molds 

1. Razor blades. 

2. Medical grade silicone rubber tubing, 0.25 i.d. (Nalgene, cat. no. 8060-0060). 

3. 0.01-inch-thick silicone rabber sheeting (Silicone Specialty Fabricators, Paso 
Robles, CA). 

4. Nonadhesive backing Velcro (available at local fabric stores). 

5. Clear RTV silicone adhesive (General Electric). 

6. 6-well plates (35-mm-diameter wells). 

7. Collagen spray. 

2.5. Bloartificlal Muscle Formation 

1. Primary mouse myoblasts expressing a foreign gene. 

2. Chilled sterile pipets and pipetor tips. 

3. Type I rat tail collagen (Collaborative Biomedical Products, cat. no. 354236). 

4. Matrigel™ (Collaborative Biomedical Products, cat. no. 354234). 
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5. Sterile 0.1 iVNaOH. 

6. Ice. 

7. PMMGM (see Subheading 2.1., item 14). 

8. Primary mouse myoblast fusion medium. This medium contains 10% (v/v) horse 
serum (HS), 1% (v/v) penicillin, in a 50:50 blend of PGM and DMEM. 

2.6. Implantation of Bioartificial Muscles 

1. Scalpel, no. 10 blade. 

2. DMEM (Gibco, cat. no. 11995-040). 

3. Bovine serum albumin (Sigma, cat. no. A4161). 

4. C3HeB/FeJ mice. 

5. Electric razor (Oster Professional Products, cat. no. 59-03). 

6. Betadine. 

7. Cyclosporin A. 

8. Sterile curved forceps (2 pair). 

9. Metofane™ (Schering-Plough Animal Health). 

10. 70% isopropanol pads. 

11. 50-mL conical tube. 

12. Gauze sponges soaked in Metofane. 

13. Fibrin glue (Tisseel, ImmunoAG). 

14. 9-mm stainless steel wound clips. 

15. Heating pad. 

16. Glass dessicator. 

3. Methods 

This section details the methods for engineering and implanting bioartificial 
muscles (BAMs) from transduced primary mouse muscle cells. A schematic 
drawing outlining the complete procedure is shown in Fig. 1. 

3.1. Isolation of Primary Aduit Mouse Muscie Ceiis 

Using this cell isolation protocol, we obtain a population of primary mouse 
muscle cells containing predominately myoblasts (80-95%). Although several 
myoblast isolation methods are detailed in the literature (20,21), we have had 
the greatest success using the following procedure. 

1. Prepare 25 mL of enzyme solution. Enzyme solution: 0.5 mL trypsin in 12 mL 
FGM; 6.25 mg type V collagenase dissolved in 12.5 mL FGM (filtered through 
0.22-|am filter); combine diluted trypsin and collagenase solutions. 

2. Sacrifice one mouse using CO 2 . Move mouse to a sterile hood. 

3. Spray hindlimbs with 70% (v/v) ethanol. 

4. Remove hindlimbs from mouse by making a clean cut at each hip joint. Remove 
the skin from each leg and place the legs in a small Petri dish containing sterile 
PBS. Rinse in several dishes containing fresh PBS to rinse any remaining fur off 
the muscle. 
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Fig. 1. This schematic illustrates the entire process for the use of bioartificial 
muscles (BAMs) for gene therapy. The procedure can take as few as 3 weeks from the 
time of cell isolation to BAM implantation. 


5. Remove the muscle from the bone by pulling with a pair of sterile forceps. Dis¬ 
secting scissors can also be used to aid this process. Place the muscle in clean, 
sterile PBS and mince into 1-mm pieces, as quickly as possible. 

6. Transfer minced muscle pieces and PBS to a sterile 15-mL centrifuge tube. 

7. Let muscle pieces settle out of the PBS. Carefully aspirate PBS from the tube 
without disturbing muscle pieces. Add 10 mL enzyme solution to the tube. 

8. Transfer muscle pieces and enzyme solution to Wheaton Cell Stirrer. 

9. Digest on a magnetic stir plate at low speed (the stir bar should rotate approx 60 
rpm) for 10 min at 37°C. After digestion, remove supernatant to 15-mL tube and 
centrifuge at 3.5g for 2 min. (This slow speed will settle the large pieces of muscle 
without pelleting the cells.) Remove supernatant to a 50-mL tube and add 4 mL 
FBS to stop enzymatic action. 

10. Add 10 mL fresh enzyme solution to the Cell Stirrer and repeat step 9. 

11. Pool supernatants from both digestions and spin at 800g for 10 min at room tem¬ 
perature. 

12. Aspirate supernatant and resuspend pellet in 1 mL PMMGM by carefully draw¬ 
ing up and down in a sterile 2-mL Pasteur pipet. 

13. Count cells with a hemacytometer (see Note 4). 

14. Plate cells into 6-8 collagen-coated 100-mm diameter tissue culture dishes, 
approximately 50,000 cells/100-mm dish, containing 10 mL PMMGM each (see 
Note 2). 
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15. Feed cells fresh PMMGM after 4-5 days. This extended incubation in the initial 
growth medium will allow additional cells to migrate out of any small muscle 
pieces that were transferred to the dishes. Individual cells may not be visible in 
dishes until the 3rd or 4th day in culture. 

3.2. Retroviral Transduction of Primary Mouse Muscle Cells 

As mentioned previously, our laboratory has had the greatest success using 
cells expressing a foreign protein after retroviral gene insertion. If you are using 
cells transfected/transduced using a different procedure, skip to Subheading 

3.3. Our retroviral transduction protocol uses a modified centrifugation proto¬ 
col described by Springer and Blau (22). This requires a Jouan heated centri¬ 
fuge with an H-1000 (B) rotor. Laboratories without this centrifuge and/or rotor 
may use an alternative retroviral transduction method {see Note 5). 

1. When primary mouse muscle cells are 70-80% confluent in 100-mm dishes, sub¬ 
culture cells as follows: 

a. Aspirate medium from cells and rinse with sterile BBSS. 

b. Detach cells from 100-mm plates using 5 mLtrypsin/versene (1:1 [v/v] trypsin 
[diluted 1:25, v/v] in BBSS): versene) per plate. Cell detachment should take 
approximately 3-5 min. Cells may be incubated at 37°C while in trypsin solu¬ 
tion to enhance the process. 

c. Collect medium with suspended cells in a 50-mL tube; rinse plate with 5 mL 
PMMGM and add to the suspended cells in the 50-mL tube. 

d. Pellet cells by centrifugation at 800g for 5 min at room temperature. 

2. Resuspend cells in 5 mL PMMGM and count cells using a hemacytometer. 

3. Plate cells in collagen-coated 6-well plates at 40,000 cells/well in PMMGM. 

4. Begin transduction 1 day after plating cells in 6-well plates. 

a. Quickly thaw VCM by placing in 37°C water bath. Aspirate the medium from 
each well and add 1.5 mL VCM containing 8 pg/mL Polybrene. Incubate in a 
37°C, 5% CO 2 incubator for 15 min. 

b. Wrap each 6-well plate in Parafilm to prevent spills. 

c. Spin 6-well plates in Jouan CT422 centrifuge with the H-1000(B) rotor at 
1100gfor30minat32°C. 

d. Remove VCM from wells, add 2 mL fresh PMMGM, and return plates to 
incubator. 

5. Repeat steps 4a.-4d. above between 6 and 8 h later. 

6. The following day, repeat steps 4 and 5. 

7. Approximately 2 days after completing transduction (when cells are 70-80% 
confluent, approximately 300,000 cells/well) subculture the cells as detailed in 
step 1 of this section and replate in collagen-coated 100-mm tissue culture dishes 
at 200,000 cells/dish. Cells may be expanded until the desired number of cells is 
obtained. At this point, cells may also be frozen in BBS containing 10% dimeth- 
ylsulfoxide (DMSO) and stored in liquid nitrogen for future use. 
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Fig. 2. BAMs are plated in silicone tissue molds. Refer to the Methods section for 
details. Scale bar = 4 mm. 


3.3. Construction of Silicone Tissue Molds 

1. Rinse silicone tubing in distilled water. Wipe dry with lint-free paper. 

2. Cut tubing at 30-mm intervals. Cut these pieces lengthwise, removing the top 
one-third of the tubing. The remaining piece is called a trough through the remain¬ 
der of this chapter and will hold the tissue engineered BAM (Fig. 2). 

3. Cut silicone rubber sheeting into 30-mm-long by 3-mm-wide pieces. 

4. Cut Velcro (loops) into 3 x 4-mm pieces. 

5. Using RTV adhesive, glue Velcro pieces to the ends of the silicone rubber sheet¬ 
ing leaving 15 mm between inside edges of the two Velcro pieces. When dry, 
glue sheeting to the bottom of the trough; apply minimal glue to the membrane at 
the ends only, as the BAM/silicone rubber sheet combination will be removed 
from the trough for implantation. 

6. Glue two silicone tissue molds into the bottom of each well of a 6-well plate. 

7. After allowing the RTV adhesive to dry and cure for at least 24 h, rinse the 6-well 
dishes containing the silicone tissue molds with distilled water 2 times quickly 
and 1 time for 30 min on a rotating orbital shaker. Incubate with distilled water 
overnight at 37°C in a humidified incubator. 

8. Allow dishes and molds to dry completely at room temperature. Spray with col¬ 
lagen {see Note 1) and sterilize using ethylene oxide. Sterile silicone tissue molds 
can be stored at room temperature for up to several months if the sterilization 
bags are securely sealed. 
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3.4. Formation and In Vitro Maintenance of Bioartificiai Muscies 

1. Thaw Matrigel on ice. This will take 2-4 h, depending on the amount of Matrigel 
in the bottle. 

2. Subculture transduced primary mouse muscle cells as described in Subheading 
3.2. (step 1). 

3. Place a medium aliquot containing the necessary number of cells (2 x 10® cells/ 
BAM) on ice while preparing matrix. 

4. Calculate required volume of each solution needed (total casting volume is 400 
pl/BAM). 

a. Volume of Matrigel is total casting volume x 0.14. 

b. Volume of collagen solution is total casting volume x 0.86. This solution is 
1.6 mg/mL rat tail type I collagen in PMMGM, neutralized with 0.1 VNaOH 
to pH 6.8-7.2 using 10% (v/v) of the stock collagen volume to neutralize. 

5. Make collagen solution by combining rat tail type I collagen, NaOH, and 
PMMGM. Make at least 10% more than needed, as some solution is lost in mix¬ 
ing. Use chilled pipets and pipetor tips for collagen solution. Keep solution on 
ice. 

6. Pellet cells by centrifugation at 800g^ for 5 min. Resuspend cell pellet in collagen 
solution prepared in step 5 above. Use a chilled pipet and keep solution on ice. 

7. Using a chilled pipet, add the appropriate volume of Matrigel. Mix well by gently 
drawing up and down in a chilled pipet. Keep solution on ice. 

8. Cast 400 |ul cell-gel solution into each tissue mold using a chilled pipetor tip. 
Spread the cell-gel solution between the Velcro attachment sites and carefully 
integrate into the Velcro. 

9. Let the plates sit at room temperature in the sterile laminar flow hood for 5-10 
min after casting; carefully transfer the plates to a humidified 37°C incubator 
without disturbing. 

10. Two to 4 hours later, gently add 6 mL of PMMGM to each well. 

11. Three days after casting, switch the BAMs to fusion medium for 4-5 days, chang¬ 
ing medium every 2-3 days. After 4-5 days in fusion medium, switch BAMs 
back to PMMGM for the remainder of the in vitro experiment, changing the me¬ 
dium every 2 days (see Note 6). 

3.5. Impiantation of Bioartificiai Muscies 

1. Remove the necessary number of BAMs from the silicone tissue molds by cut¬ 
ting the silicone rubber sheeting away from the trough and lifting the BAM by 
the membrane/Velcro end piece (see Note 7). 

2. Rinse the BAMs in new 6-well plates (2 BAMs/well) with each well containing 6 
mL DMEM plus 0.125% (w/v) BSA for 60 min before implantation. 

3. Anesthetize mouse in a glass dessicator containing Metofane soaked gauze pads 
for 5-10 min. To ensure that the mouse stays under anesthesia during the course 
of surgery, use a 50-mL conical tube filled with Metofane soaked gauze pads as a 
nose cone. Metofane should be used under a fume hood or with a vapor recovery 
system. 
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4. Shave the mouse’s back with an electric razor and sterilize the area by wiping 
first with Betadine and then with 70% isopropanol. 

5. Make a subcutaneous incision with a no. 10 scalpel, approximately 2 cm in length, 
along the midline of the back. 

6. Reflect the skin on one side of the incision by lifting it with sterile forceps and 
gently tease the skin from the underlying fascia to make a “pocket.” Insert 2-4 
BAMs (see Note 8) longitudinally into the “pocket,” placing the membrane side 
of the BAM against the fascia. Apply 150 |al fibrin sealant to each of the Velcro 
ends and under the membrane using the manufacturer’s two-barrel mixing syringe 
(see Note 9). 

7. Close the wound with four 9-mm stainless steel wound clips and return the mouse 
to its cage. Place the cage on a heating pad until the mouse regains conscious¬ 
ness. 

8. Measure foreign serum protein levels by obtaining blood samples via tail bleeds 
or other approved blood collection methods and assaying the serum using the 
appropriate radioimmunoassay or enzyme-linked immunosorbent assay (ELISA) 
kit. Serum proteins can be assayed from I day post surgery to more than 6 months. 

4. Notes 

1. Collagen coating of tissue culture surfaces is necessary for attachment and expan¬ 
sion of primary mouse myoblasts. Our laboratory sprays all surfaces with 1 mg/ 
mL rat tail type I collagen in 1% acetic acid. Using an airbrush, we apply 6 even 
coats of collagen to the surface, allowing each coat to dry before applying the 
next coat. An alternative collagen coating method is solution coating. For this 
method, dilute 1 mg/mL rat tail type I collagen in DMEM 1:100 (v/v). Cover the 
surface of each plate with the collagen solution and incubate for 1 h at 37°C. 
Remove solution and let the plates air-dry (20). 

2. Primary mouse muscle cells need to be subcultured before they become confluent 
or they will begin to fuse spontaneously even in growth medium. When expand¬ 
ing the cells after the initial plating, the cells should be plated at no less than 
200,000 cells/100-mm dish. Cells plated at lower density grow in clusters and 
tend to fuse at an earlier time point. In addition, we have seen some variability 
between different primary mouse muscle cell preparations. Cells from some 
preparations simply do not grow, for unknown reasons. Other cultures are even¬ 
tually taken over by nonmyoblast cell types. If either of these events occur, it is 
best to begin with another cell preparation. In a good culture, the percentage of 
myoblasts will increase with time. Our laboratory has expanded myoblast prepa¬ 
rations for more than 15 passages. 

3. The VCM used for retroviral transduction is very important. Our laboratory col¬ 
lects VCM from high-titer, high-secreting, clonally derived, replication defec¬ 
tive retroviral packaging cells. We collect VCM from these packaging cells when 
they become confluent and continue for a total of 3 days. To increase transduc¬ 
tion efficiency, concentration of viral particles may be necessary. We follow the 
method of Bowles et al. (23) to concentrate the VCM 10 times. This has resulted 
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Fig. 3. (A) Unstained BAM, 2 weeks post casting. When the cell/gel mixture dehy¬ 
drates (2-6 h after casting), the BAMs pull off the membrane and are held in place 
only at the Velcro end attachment sites. This results in passive internal longitudinal 
tensions on the order of 100 mg and causes cell alignment parallel to the long axis of 
the BAM. (B) Tropomyosin-stained cross-section. Muscle fibers concentrate around 
the perimeter of the BAM with a low density of fibers scattered throughout the inte¬ 
rior. Scale bar = 4 mm in (A) and approximately 100 pm in (B). 


in an approximately 3 times higher titer (measured using 3T3 cells) and a 5 times 
increase in protein secretion from the packaging cell line. VCM can be stored in 
15-50-mL aliquots at -80°C prior to use after snap freezing on dry ice. 

4. The cell aliquot contains isolated cells (mainly myoblasts and fibroblasts), red 
blood cells, debris, and muscle chunks. The desired cells (the myoblasts and fibro¬ 
blasts) are distinguishable in the hemacytometer from the red blood cells because 
of their round shape and larger size. Expect a cell yield of approximately 
250,000-500,000 cells per mouse. 

5. We have tried several methods of retroviral transduction. The centrifugation 
method yields the highest transduction efficiency and protein expression, but 
incubating the cells in VCM containing 8 pg/mL Polybrene for 3 days with daily 
changes to fresh VCM (6) has also proved successful. Each laboratory should 
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experiment to find a transduction method that works best within that laboratory 
setting. 

6. BAMs contain parallel arrays of postmitotic muscle fibers by 10-12 days after 
casting. These fibers can be visualized by staining with antisarcomeric tropomyo¬ 
sin or antimyosin heavy chain antibodies (Sigma) using standard immunohis- 
tochemistry (16). These fibers are highly concentrated around the perimeter of 
the BAM, with some fibers scattered throughout the center (Fig. 3). 

7. BAMs are typically implanted 10-16 days after formation. Prior to implantation, 
we determine the BAM protein secretion level by collecting conditioned medium 
over a 4-24-h period and using the appropriate radioimmunoassay or ELISA as¬ 
say kit. 

8. Implant as many BAMs as necessary to get the desired level of in vivo protein 
delivery. Our laboratory has implanted as many as 4 BAMs in one mouse. Vari¬ 
ous other implantation sites are currently being investigated. 

9. Fibrin glue is used to tack the BAMs down. This helps keep the BAMs under 
tension and in place and decreases abrasion of the skin by the Velcro. 
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1. Introduction 

Antitumor immunity was first suggested in animals that rejeet tumor ehal- 
lenge after immunization with autologous inaetivated tumor eells. Later, the 
discovery of tumor antigens recognized by T-cells strongly reinforced the con¬ 
cept that the tumor can be targeted by the immune system. In 1991, Boon and 
colleagues described the first human tumor antigen, MAGE-1, that is expressed 
in 50-60% of melanomas (1). The identification of T-cell-dependent tumor 
antigens {MAGE family, BAGE, GAGE, HER2/neii, p53, MART-1, tyrosinase, 
HPV, and others) has opened the route of antigen-specific immunotherapy strat¬ 
egies (2,3). Despite these important advances in tumor immunology, most 
tumor antigens are still u nk nown. Until more common tumor-specific antigens 
have been identified and their prevalence and relevance have been evaluated, 
the tumor cell itself remains one of the most convenient sources of antigens. 
Preclinical studies have shown that immunization with modified inactivated 
tumor cells can generate systemic antitumor immunity in vivo (4). Currently, 
many clinical studies are investigating the safety and efficacy of autologous 
and allogeneic whole cell-based cancer vaccines (5). 

This chapter gives a brief overview of the most recent technical advances in 
the field of cytokine gene-modified cell-based cancer vaccines. The difficul¬ 
ties in translating this approach into the clinic and ways to overcome such 
difficulties are examined. Finally, a protocol to transfer cytokine genes retro- 
virally into tumor cells is provided and extensively discussed. 
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1.1. The Role of T-cells in the Antitumor Immune Response 

The rationale for genetically modified tumor vaccines for the treatment of 
established cancer depends on the existence of antigens within the tumors that 
can be recognized by the host immune response. It is the tremendous diversity 
of the T- and B-cell receptors that endows the immune system with the ability 
to distinguish fine antigenic differences among cells. Preclinical studies have 
yet to demonstrate a major role for B-cell antitumor responses following vacci¬ 
nation for the treatment of solid tumors. However, preclinical studies have dem¬ 
onstrated that activation of both CD4+ and CD8+ T-cells is critical for 
generating potent antitumor immune responses capable of eradicating preex¬ 
isting burdens of tumor (4). 

For the generation of an antitumor immune response, at least two criteria 
must be fulfilled. First, tumor antigens must be available. Several techniques 
for the direct isolation of tumor antigens have confirmed the existence of tumor 
antigens that can be recognized by T-cells (1-3). Currently, melanoma is the 
only human tumor for which a series of T-cell antigens has been identified. 
These antigens fall into several major categories including reactivated embry¬ 
onic antigens and overexpressed differentiation antigens. The fact that some of 
these antigens are differentially expressed relative to normal cells as opposed 
to tumor-specific implies that a T-cell repertoire specific for these antigens 
must be available in the host and capable of activation by the immunizing cells 
(i.e., not irreversibly tolerized). 

Second, T-cells must be appropriately activated to respond to the antigens 
presented on tumors. Even if tumor-specific T-cell precursors exist, tumor rec¬ 
ognition and eradication is not guaranteed. T-cell activation is promoted when 
antigen is presented to the T-cell in the presence of inflammatory cytokines 
such as granulocyte-macrophage colony-stimulating factor (GM-CSF), result¬ 
ing in the simultaneous expression of costimulatory molecules such as B7. 
Typically, these inflammatory cytokines recruit professional antigen-present¬ 
ing cells (APCs), which provide adequate costimulation. Engagement of the 
T-cell receptor by antigen without the second signal that is provided by 
costimulatory molecules typically results in ignorance, anergy (active suppres¬ 
sion of T-cell function), or apoptotic death of the antigen-specific T-cell. As 
tumors accumulate neoantigens during the process of tumorigenesis, the 
absence of associated inflammatory processes at these early stages probably 
produces a circumstance in which these neoantigens are viewed by the immune 
system as self-antigens, thereby inducing tolerance. Many mechanisms of 
immunune tolerance to tumor antigens have been described; a few of them are 
thymic or peripheral deletion of high-affinity T-cells specific for tumor anti¬ 
gens, secretion by the tumor of immunosuppressive factors such as transform- 
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ing growth factor-B (TGF-B), ignorance, suppression, and immune deviation 
(6,7). 

Consequently, when tumor cells are used as cancer vaccines, they are fre¬ 
quently altered to increase their immunogenicity. Historically, such approaches 
have included administration with the vaccine of nonspecific immunologic 
adjuvants such bacille Calmette-Guerin (BCG) or Corynebacterium parvum 
(8); or modification of the tumor cells by irradiation (4), by nonpathogenic 
virus (9), or by genetic manipulations (4). More recently, gene transfer of genes 
encoding MHC molecules, costimulatory molecules (i.e., B7) and cytokines 
has shown preliminary encouraging results in animal models (4,10,11). As 
shown in Fig. 1, there are two ways to modify tumor cells genetically to become 
immunogenic. Genes that encodes cytokine are commonly introduced into 
autologous or allogeneic tumor cells. 

1.2. Genes and Principles of Gene Transfer to Tumor Cells 

Gene transfer into tumor cells can be accomplished by physical or biologic 
methods. Physical methods include calcium phosphate transfection (12), micro- 
injection (13), electroporation (14), lipid-DNA complexes (15), naked DNA 
(16), DNA ligands (17), and partical bombardment (18). However, stable gene 
expression, which requires integration of the transfected DNA into a high pro¬ 
portion of the transfected DNA into the host’s genome, is a rare event (around 
1%) using physical methods. In vitro selection of those cells that have success¬ 
fully incorporated the transferred DNA can be accomplished when DNA that 
encodes for a selectable marker (i.e., neomycin resistance) is cotransfected with 
the DNA of interest. However, although selection may increase the number of 
cells expressing the transgene to nearly 100%, it required 2-3 weeks of cell 
culture, which increases the theoretical risk of losing antigen expression by the 
tumor cell, thereby potentially decreasing vaccine efficacy. 

Viral vectors for the introduction of cytokine genes offer the advantage of 
higher transduction efficiency. Retroviruses have been the most commonly 
employed vectors to transduce tumor cells because they can infect most mam¬ 
malian cells and integrate into the host genome, which is a critical requirement 
for efficient gene transfer and expression in a stable fashion (19,20). More¬ 
over, second and third generations of retroviral vectors that have taken advan¬ 
tage of modifications in the intronic gag sequence as well as positioning of the 
start sites of the inserted gene allow efficient gene transfer into primary tumor 
explants in the absence of selection (21,22). These vectors have the potential 
for being free of helper virus and are therefore extremely safe. 

However, there are several potential disadvantages of using retroviral 
vectors: 
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1. The most significant risk, although never described in any clinical trials, is helper 
virus production. Apparition of replication-competent retroviruses (RCR) should 
be monitored closely since one study showed that injection of RCR in immuno- 
suppressed monkeys may lead to lymphomas. 

2. Entry into the target cell is dependent on the surface expression of appropriate 
receptors for retroviral envelope proteins. Because the identity of most retroviral 
receptors is still unknown, it is difficult to determine whether a particular host 
cell expresses these receptors at a sufficient level for transduction by a given 
retroviruses. One way that is being explored to overcome this problem is the use 
of modified retroviral packaging cell lines (i.e, pseudotyped vectors), which con¬ 
tain alternative envelope proteins that can bind to better characterized and more 
abundant cell surface receptors (23). 

3. Due to the biology of the retrovirus, integration of the viral transgene into the 
host cell’s genome requires a cell division. Infection of nondividing cells by 
retroviruses is usually very low. However, newer generations of retroviral sys¬ 
tems are under development to overcome this problem. One such example, 
lentiviruses (24), is described elsewhere in this book. 

4. It is theoretically possible that random integration of the transgene by the 
retrovirus may lead to insertional mutagenesis. 

5. Viral particles are not stable and are rapidly destroyed by the human complement 
system. 

6. Transgenes larger than 9 kb can not be introduced easily into a retroviral vector. 

In addition to retroviruses, adenoviral vectors are particularly appealing 
because they can transfer genes into nondividing cells (25), they can accom¬ 
modate larger transgenes (up to approx 20 kb), and they offer the particular 
advantage of higher titers, which results in higher gene transfer efficiency. The 
major limitation of adenoviral vectors for many gene therapy approaches is 
that because expression does not integrate stably into the genome of the trans¬ 
duced cell, it is lost after 1 to 4 weeks. This is not a problem, however, in the 
setting of gene transfer into tumor cells since the vaccine cells are usually irra¬ 
diated and thus are eliminated within 1 week of injection. Prior exposure by 
the host to adenovirus can generate host immunity, which can be an obstacle to 
repeated adenoviral gene transfer. Recently, a clinical trial convincingly dem¬ 
onstrated that antitumor responses could be safely obtained in children with 
advanced neuroblastoma by adenovector-mediated transfer of the interleukin- 
2 (IL-2) gene (26). 

1.3. Murine Gene-Transduced Tumor Vaccines 

There has been great interest in the study of immune responses generated by 
tumor cells genetically engineered to secrete various cytokines. This does not 
involve inducing the expression of any foreign genes in tumor cells but rather 
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Table 1 

Animal Studies of Genetically Modified Cytokine-Secreting 
Tumor Vaccines 


Cytokine 

Local rejection 
after injection 
of a live vaccine 

After irradiation. 
Systemic immunity 
after injection 
of a live vaccine 

increased immunity 
compared with irradiated 
wild type-tumor cell 

11-2 

+ 

+ 

— 

11-3 

+ 

NT 

NT 

11-4 

+ 

+/- 

- 

11-6 

+ 

+ 

+ 

11-7 

+ 

+ 

+ 

IL-12 

+ 

+ 

+ 

IFN-y 

+ 

+/- 

- 

TNF-a 

+ 

- 

- 

GM-CSF 

- 

+ 

++ 

G-CSF 

+ 

- 

- 


seeks to alter the immunologie environment of the tumor eell locally so as to 
either enhance antigen presentation of tumor antigens to the immune system or 
to enhance the activation of tumor-specific lymphocytes. One of the most 
important concepts underlying the use of cytokine gene-transduced tumor cells 
is that cytokine is produced at very high concentrations local to the tumor, but 
systemic concentrations generally remain quite low. This paracrine physiology 
much more closely mimics the natural biology of cytokine action than does the 
systemic administration of recombinant cytokines. 

Many cytokine genes have been introduced into tumor cells with varying 
effects on both tumorigenicity and immunogenicity. Given the number of stud¬ 
ies done to date with cytokine-transduced tumor cells, it is not surprising that 
variable results have been seen when different tumor systems are analyzed. 
Additional variables to the cytokines employed include cell dose, level of 
cytokine expression, location of immunization and challenge sites, and vacci¬ 
nation schedule. The following cytokine genes have been investigated: IL-1, 
-2, -3, -4, -5, -6, -7, -8, -9, -10, and -12, interferon-a (IFN-a), IFN-B, IFNy, 
tumor necrosis factor-a (TNF-a), tumor growth factor-B (TGF-B), M-GSF, G- 
CSF, GM-CSF, and Flt3 ligand (Table 1). In some murine models (see review 
in ref. 27), live tumor cells transduced with IL-2, -4, -6, -7, or IL-12, IFN-y, G- 
CSF, or TNF-a generate a local tumor specific immune response after animal 
inoculation and are rejected or grow more slowly than wild-type tumor cells. 
In addition, vaccinated animals may develop a T-cell-dependent systemic 
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Fig 1. There are two ways to modify tumor cells genetically to increase their im- 
munogenicity. (A) Transfer of gene-encoding cytokines, i.e., GM-CSF. Tumor cells 
secreting GM-CSF attract APCs that process tumor antigens and present them to CD4 
and CDS (cross-priming). (B) Transfer of gene-encoding MHC and/or costimulatory 
molecules (i.e., B7). Tumor cells become better APCs and stimulate CD4 and/or CDS 
directly. 


immunity conferring a protective response against secondary tumor challenge 
(28-36). In contrast, in most tumor models, GM-CSF-transduced live tumor 
cells are not rejected in vivo and kill most of the recipient mice (presumably as 
a consequence of secretion to a toxic level of GM-CSF by the proliferative 
tumor cells) (4). However, when GM-CSF-transduced tumor cells are irradi¬ 
ated, they are able to generate a potent antitumoral systemic immunity (4). 

Given the large number of potential cytokine genes and the technical diffi¬ 
culties in transducing human tumor cells to make vaccines, it is critical that 
they be compared for efficacy. Because most tumors show significant immu- 
nogenicity when simply irradiated, identification of genes that truly enhance a 
tumor’s immunogenicity above that of irradiated wild-type cells is important. 
The first study that directly compared multiple cytokine and other genes in 
murine tumor models used a highly transmissible, defective retroviral vector 
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(4). This study demonstrated that, in a number of poorly and moderately im¬ 
munogenic tumors, including a murine renal cell carcinoma, immunization with 
GM-CSF-transduced tumors produced the greatest degree of systemic immu¬ 
nity, which was enhanced relative to irradiated nontransduced tumors. It is 
noteworthy that in this study, the levels of antitumor immunity provided by 
live cytokine-transduced tumor cells (IL-2 and -4, TNF-a, IFN-y) could also 
be achieved through the use of irradiated cells alone. To date, compared with 
more than 20 cytokines now screened in the B16 murine melanoma tumor vac¬ 
cine model, GM-CSF is still the most potent. Moreover, tumor cells geneti¬ 
cally altered to express GM-CSF can cure mice with preestablished small 
burdens of tumor and therefore represent a model for the minimal residual dis¬ 
ease state common in patients with cancer (4). 

Analysis of the mechanism by which antitumor immunity is generated has 
demonstrated that GM-CSF is able to recruit antigen-presenting cells (APCs) 
and that immunity depends on CD4+ and CD8+ T-cells (4,37) (Fig. 1). APCs 
first take up and process tumor antigens and subsequently prime the T-cell arm 
of the immune response. Analysis of the effector phase of tumor rejection indi¬ 
cates a far broader role for CD4+ T-cells in orchestrating the host response to 
tumor (38). This form of immunization leads to the simultaneous induction of 
Thl and Th2 responses, both of which are required for maximal systemic anti¬ 
tumor immunity. Cytokines produced by these CD4+ T-cells activate eosino¬ 
phils as well as macrophages that produce superoxide and nitric oxide. Both of 
these cell types then collaborate within the site of tumor challenge and contrib¬ 
ute to its destruction. 

In addition to GM-CSF, IL-4, -6, -7, and -12-transduced tumor cells have 
also been demonstrated to augment T-cell immunity compared with irradiated 
nontransduced tumor cells (39,40). In particular, IL-12 appears to be very 
promising and has been shown to be more effective when used in combination 
with the transduction of tumor cells with B7.1 (41). 

1.4. Autologous Human Gene-Transduced Tumor Vaccines 

Animal studies strongly support the investigation of cell-based cancer vac¬ 
cines in clinical trials. Several phase I clinical trials for malignant melanoma, 
renal cell carcinoma, neuroblastoma, pancreatic adenocarcinoma, prostate can¬ 
cer, sarcoma, or small cell lung carcinoma have already been completed or are 
currently activated (5). Among the most frequently investigated cytokines in 
humand are IL-2 (neuroblastoma, melanoma, and small cell-carcinoma), GM- 
CSF (melanoma, pancreatic adenocarcinoma, prostate cancer, and renal cell 
carcinoma), IL-12 (melanoma), IL-7 (melanoma), and IFN-y (melanoma). 
Phase I clinical trials have shown that the use of cytokine-modified autologous 
tumor vaccines is extremely safe (26,42-48). The only side effects reported are 
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grade I/II local skin reaction at the vaccine site, mild fever, and myalgia. 
Although in one study three patients presented with vitiligo after vaccination 
with IL-2-expressing autologous melanoma cells (42), no major autoimmunity 
symptoms have been reported. In a few studies, observation of delayed-type 
hypersensitivity (DTH) reactions to autologous tumor cells provided evidence 
of immune priming (42,44,45,47). Sometimes DTH reactions were correlated 
with tumor regression (44,45). 

We performed a randomized clinical trial comparing the administration of 
escalating doses of lethally irradiated autologous tumor cells either 
nontransduced or transduced with the human GM-CSF gene (45). That study 
showed a fourfold magnitude difference in the total cutaneous reaction at the 
autologous tumor DTH test sites of patients who received the GM-CSF vac¬ 
cine compared with nontransduced irradiated vaccine. DTH reactions against 
autologous tumor cells were increased with increasing vaccine dose adminis¬ 
tration, suggesting a dose effect. A patient receiving the GM-CSF treatment 
vaccine demonstrated a >80% regression of pulmonary metastases. However, 
one-fourth of the patients who underwent nephrectomy did not received vacci¬ 
nation because enough vaccine cells could not be prepared. The maximal toxic 
dose and dose with maximal bioactivity could not be determined in this trial 
because it was not technically feasible to obtain enough vaccine cells, illustrat¬ 
ing a first limit of this vaccine approach. 

More recently, Dranoff and collaborators (44) conducted a clinical trial with 
irradiated autologous melanoma cells engineered to secrete human melanoma 
GM-CSF. Interestingly, they reported that, in 11 of 16 patients, metastatic 
lesions biopsied after vaccination were infiltrated with T-lymphocytes and 
plasma cells and showed >80% of tumor destruction. Autologous nonirradiated 
tumor cells transduced with adenovirus IL-2 induced antitumor responses in 
children with neuroblastoma (26). In this study, 5 of 10 patients had tumor 
responses, and 4 patients also demonstrated cytotoxic activity against tumor 
cells, suggesting a correlation between this test and clinical outcome. Vaccina¬ 
tion with IL-12 and IL-7 gene-modified autologous melanoma cells induced 
immunologic activation demonstrated by an increased number of tumor-reac¬ 
tive proliferative and cytolytic cells in the peripheral blood of a few patients 
(46,47). Infiltration of metastases by CD4+ and CD8+ T-cells was also 
observed after vaccination with Il-12-transduced autologous melanoma cells 
(47). In another study, antimelanoma immunoglobulin G antibody responses 
were correlated with tumor regression after vaccination with IFN-y gene-modi¬ 
fied autologous melanoma tumor cells (43). These early studies suggest that 
potent systemic antitumor immunity can be generated in vivo by this approach 
and therefore strongly support the continued clinical development of cytokine- 
secreting whole tumor cell vaccines. 
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Fig 2. Rationale for using allogeneic tumor cell vaccine. (A) Most of the human 
antigens are shared by at least 50% of patients. (Bl) Allogeneic tumor cells are poor 
APCS (absence of costimulatory molecules or/and compatible MHC). (B2) Secretion 
by allogeneic vaccine of engineered cytokines (i.e., GM-CSF) attracting APCs and 
release of tumor antigens. (D) APCs process the antigen and present it to CD4+ and 
CD8+ by a mechanism called cross-priming. (E) Activated CD8+ kill the autologou 
tumor cells. 


1.5. Allogeneic Gene-Transduced Tumor Vaccines 

The aforementioned autologous secreting vaccine trials have demonstrated 
highly encouraging results. However, there are significant difficulties with rou¬ 
tinely expanding autologous tumor cells to the numbers required for adequate 
vaccination level. Autologous cell lines will need to be established from each 
patient to be treated, as a means of providing tumor antigens at the site of 
activation of the immune system. Even when subselection of continuously 
growing tumor lines can be achieved, there is a high likelihood that, after 
extended passage, the antigenic composition will change significantly, relative 
to the original primary tumor from which the tumor line originated. Another 
major problem is the variable and often lengthy time required for autologous 
vaccine preparation (approximately 4-12 weeks). During that time, disease 
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may progress, and some patients may become ineligible for treatment (42,44). 
These technical limitations make the use of autologous tumor cell vaccines for 
the treatment of most human cancers impractical. 

The use of allogeneic cell lines that can be easily expanded in vitro may 
overcome these problems. Allogeneic vaccines can be generated from cell lines 
selected to provide predefined tumor antigens and their preparation can be stan¬ 
dardized, decreasing the cost and the risk of this strategy. Two recent advances 
provide the immunologic rationale for an allogeneic vaccine approach (Fig. 2). 
First, studies evaluating human melanoma antigens have demonstrated that 
most of the human melanoma antigens identified are shared among at least 
50% of patients, regardless of whether or not they share the same human leu¬ 
kocyte antigen type (1-3,49,50). Second, studies have shown that the profes¬ 
sional APCs of the host, rather than the vaccinating tumor cells themselves, are 
responsible for priming CD4+ and CD8+ T-cells (51,52) (Figs. 1 and 2). These 
data imply that the vaccinating cells used as the source of tumor antigens do 
not have to be MFIC compatible with the host for successful priming of an 
antitumor immune response. Thus these studies suggest that relevant tumor 
antigens can be delivered by an allogeneic tumor for priming an antitumor 
immune response against the host tumor. 

A few clinical trials using allogeneic melanoma cells (FILA-A2 matched or 
not) transduced with IL-2 have already been published (53-55). Like autolo¬ 
gous cytokine-based cancer vaccines, no major adverse events have been 
reported. Weak clinical responses or disease stabilization have been sparsely 
reported (54,55). T-cell responses against antigens of autologous untransduced 
tumor have been observed in vitro post vaccination. These preliminary results, 
although promising, need to be confirmed in additional clinical trials. Clinical 
studies are currently ongoing with IL-2 (neuroblastoma, renal cell carcinoma, 
and melanoma), GM-CSF (pancreatic and prostate cancer), and 11-4 (mela¬ 
noma) gene-transduced allogeneic tumor cells (5,56). 

Another way to overcome the technical limitations of autologous tumor cell 
vaccines is to use cytokine-expressing bystander cells such as fibroblasts. These 
cytokine-transduced fibroblasts are mixed with autologous tumor cells. This 
mixture is used as the vaccine. The feasibility and safety of this strategy have 
already been demonstrated for the treatment of tumors in which adequate num¬ 
bers of tumor cells are available from resected tumor specimens without requir¬ 
ing in vitro cell expansion (57,58). 

2. Materials 

1. Retroviral vector producer lines: The MGF retroviral producer cell lines were 
obtained from R.C. Mulligan (Chidren’s Hospital, Harvard Medical School, Bos¬ 
ton, MA). 
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a. Both the amphotropic and ecotropic retroviral producer cell lines, CRIP and 
CRE, respectively, are grown in Dulbecco’s modified Eagle’s medium 
(DMEM) with high glucose (4500 g/L), supplemented with 10% bovine calf 
serum, penicillin (100 U/mL final concentration), streptomycin (100 |lg/mL 
final concentration), L-glutamine (2 mM final concentration), and gentamycin 
(50 |lg/mL final concentration), at 37°C. 

b. 0.25%/0.1% trypsin/EDTA for passaging the cell lines. 

2. Tumor cell lines: All tumor cell lines to be transduced should be maintained in 
their optimal growth media before and after performing the transduction proce¬ 
dure to enhance the proliferative capacity of the cell population. 

3. Retroviral gene transfer to tumor cells: Tumor cells and retroviral supernatant 
that has been prepared as described in Subheading 3. 

a. In addition, DEAE-dextran 10 mg/mL stock solution prepared by dissolving 
1 g into 100 mL of the producer line growth media (DMEM + 10% calf serum) 
and filtered through a 0.45-|am filter. Store in sterile 5-mL aliquots at 4°C for 
up to 6 months. 

b. Sterile tumor growth media and sterile lx phosphate-buffered saline (PBS). 

4. Immunization of mice: Freshly thawed vaccine tumor cells (tumor cells trans¬ 
duced with the cytokine gene of interest and producing the adequate level of 
cytokine). 

a. Mice between 6 and 12 weeks of age. 

b. Sterile Hank’s balanced salt solution (HBSS; pH 7.1-7.3) stored at 4°C. 

c. 1-mL syringes. 

3. Methods 

3.1. Maintenance of Retroviral Vector Producer Lines 

1. Grow the retroviral producer line in culture to confluency in large flasks (>162- 
cm^). These cells grow in an adherent monolayer (see Note 1). 

2. When the cells have reached confluency, remove the supernatant, and incubate 
the cells with enough trypsin-EDTA to cover the bottom of the flask (usually 2- 
3 mL) at 37°C until the cells become nonadherent (usually 1-2 min) (see Note 2). 

3. Quench the trypsin with at least 3-4 vol of the growth media containing calf 
serum (see Note 3). 

4. Centrifuge for 10 min at 1430g (1500 rpm) and 4°C. 

5. Remove the supernatant and count the cells. 

6. Replate the cells at about a 1:10 dilution of the number of cells in the confluent 
flask (approx 2x10® cells/162-cm^ flask) 

7. Split the cell lines 1:10 every 3-4 days or when each flask reaches confluency 
(see Notes 4 and 5). 

3.2. Preparation of Retroviral Supernatant 

1. Two days prior to transduction, trypsinize the producer cells, wash them once, 
and replate them at a density of 2 x 10® cells/lOO-mm culture dish (see Notes 
6 - 11 ). 
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2. One day prior to transduction, remove the media, and add 10 mL of fresh media 
to the cells. 

3. On the day of transduction, collect a 24-h retroviral supernatant and fdter through 
a 0.45-|am fdter to remove contaminating retroviral producer cells (see Note 12). 

3.3. Maintenance of Tumor Cells Lines 

1. Grow the tumor cells in culture in optimal tumor growth media to confluency 
(see Note 13). 

2. On the day prior to transduction, replate the cells at a density of 2-5 x 10^ cells/ 
75-cm^ culture dish (see Note 14). 

3.4. Performing Retroviral Gene Transfer to Tumor Cells 

1. Incubate the freshly collected retroviral supernatant with 10 pg/mL final concen¬ 
tration of the transduction enhancer DEAE-dextran for approximatively 10 min 
at room temperature, so that the retrovirus will bind to the enhancer prior to ex¬ 
posure to the tumor cells (see Notes 15 and 16). 

2. Remove the growth media from the tumor cells and replace it with 10 mL of 
retroviral supernatant containing the enhancer. 

3. Incubate the cells at 37°C for 24 h (see Notes 17 and 18). 

4. Following incubation of the tumor cells with the retroviral supernatant, remove 
the supernatant and wash the cells twice with sterile PBS to rinse away residual 
retroviral supernatant (see Notes 19-24). 

5. Add 10 mL of tumor growth media and allow the cells to grow for 48 h. 

3.5. Testing for Cytokine Gene Product 

1. At 48 h following transduction, remove the growth media and add 10 mL of fresh 
tumor growth media. 

2. Collect a 24-h supernatant for evaluation of cytokine secretion. To do this, remove 
the supernatant, centrifuge or filter through a 0.45-|am filter to remove the cells, 
and aliquot the supernatant into three 1-mL, sterile aliquots that can be stored 
frozen at -70°C until the time of testing for cytokine secretion. Three separate 
aliquots should be stored so that repeat testing can be performed without multiple 
freeze/thaws (which might reduce the concentration of the gene product). 

3. Following collection of the cell supernatant, take up the cells and count them. 
Record the total number of cells that contributed to the production of the cytokine 
over 24 h. This number will be used to calculate the concentration of cytokine 
secretion per given number of tumor cells after the concentration of cytokine in 
the supernatant is determined (see Notes 25-29). 

3.6. Testing for In Vivo Efficacy 

1. Grow the cytokine-transduced tumor cells (vaccine cells) and the parental tumor 
cell line in optimal tumor growth media to confluency. 

2. On the day of vaccination, trypsinize the vaccine tumor cells, wash them twice in 
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HBSS, count them, and resuspend the cells in HBSS at the adequate concentra¬ 
tion. (We propose 10® in 100 pL.) 

3. Irradiate the vaccine cells (see Note 35). 

4. Vaccinate the mice (6-12 weeks old). For the initial experiments, although this 
may vary with the tumor system used and should be optimized for each model 
(see Notes 30-38), we propose 10® vaccine cells in 100 pL of FIBSS injected 
subcutaneously close to a lymph node area (i.e., left hindlimb). Maintain the mice 
in an animal facility under supervised care (sterile water and food) {see Notes 
30-35). 

5. Challenge the mice with untransduced parental tumor cells (in 100 pL of FIBSS) 
14 days after the first vaccination at a site distant from the vaccine cells (i.e., 
right hindlimb) {see Notes 36-38). 

6. Follow the mice for occurrence of tumors (>3 mm) and tumor growth. (Measure 
with a caliper in two or three dimensions.) 

4. Notes 

1. Producer lines derived from the NIH 3T3 fibroblast cell line grow in a adherent 
monolayer. They do best when they are plated at a threshold density of about one- 
tenth the flask’s total cell capacity. Plating the cells at a lower density may result 
in loss of the cell line. 

2. Exposure to trypsin results in rapid release of the producer cells from the tissue 
culture flask. Be aware that overexposure to trypsin will result in significant cell 
death. 

3. The MGF producer line grows in media supplemented with bovine calf serum. 
Substitution of fetal bovine serum may result in a change in growth kinetics and 
viral particle production. The growth requirements recommended by the labora¬ 
tory in which the producer line originated should always be used to culture the 
producer line being employed. 

4. It is advantageous to expand enough of the producer cells initially to allow for 
freezing a large stock of aliquots for two reasons. First, prolonged passage in 
culture may increase the possibility of recombination events within the producer 
cells that may result in the production of helper virus. Second, there is the theo¬ 
retical concern that prolonged passage in culture may result in a decrease in the 
population of producer cells capable of efficiently producing the viral particles. 

5. The MGF producer cell lines freeze well in 90% calf serum plus 10% DMSO. 
Recovery of viable producer cells will be severely compromised if these cells are 
frozen in other types of serum. Each producer line should be frozen in the same 
type of serum that is used for in vitro growth. These cells can be stored long term 
in liquid nitrogen. 

6. Retroviruses are difficult to titer because they do not form plaques. It is therefore 
recommended that every producer line be titered for transduction efficiency using 
an easily transducible cell line. NIH 3T3 cells are a good choice for comparison 
with other murine cell lines. For the transduction of human primary cultures, a 
human cell line may be a more appropriate cell line for comparison. Titering can 
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be accomplished by using the transduction procedure described in Subheadings 
3.1.-3.5., and by performing serial two- to fivefold dilutions of the retroviral 
supernatant prior to exposure of the retrovirus to the tumor cell line. Dilutions of 
the retroviral supernatant should be made with the cell line’s growth media for 
best results. Most supernatants are optimal either undiluted, or between a 1:2 and 
1:10 dilution. 

7. Before assuming that insufficient transduction rates are due to low-titer superna¬ 
tants as a result of a poor supernatant collection, it is important to determine first 
whether the producer cells themselves are still capable of generating large quanti¬ 
ties of retroviral particles. Because the producer eells themselves also express the 
gene encoded by the retroviral vector, an easy way to evaluate the producer line 
for production of the vector is to assay the cells for expression of the gene prod¬ 
uct. However, in vitro loss of high titer producer lines owing to long-term culture 
can easily be avoided by routinely thawing a new aliquot of producer cells every 
3-4 weeks. 

8. If expression is at the expected level, then the problem is more likely to be caused 
by a low-titer retroviral supernatant resulting from suboptimal supernatant collec¬ 
tion. There are two major causes of low-titer retroviral supernatants: inadequate 
retroviral supernatant collection resulting from insuffieient numbers of producer 
cells or overgrowth of producer cells; and suboptimal growth conditions for 
retroviral supernatant collection. Potential problems include a bad lot of calf 
serum, use of the wrong media and supplements, and inadequate CO 2 eoncentra- 
tion during incubation. 

9. A study performed to evaluate the improvement of retroviral vector production 
observed that the growth of 21/22 producer lines at 32°C for up to 2 weeks after 
the cells reaehed 100% confluence increased vector titers (59). Growth of the 
producer lines at 32°C is thought to increase the stability of the viral particles. In 
addition, improved vector production may be a result of the decreased metabo¬ 
lism of the producer cells at this lower temperature. 

10. For optimal transduction efficiencies, freshly collected retroviral supernatants 
should be used. Although it is possible to store the supernatants at 4°C for several 
days and to freeze these supernatants at -70°C for several weeks, the efficieney of 
transduction may decrease by as much as 50% following thaw of the supernatant. 

11. Producer lines must be frozen in the same type of seram used for in vitro growth 
unless otherwise advised. Other serum may not support the growth of these cells 
well and may result in significant cell death during freezing and storage. 

12. Oceasionally freshly collected retroviral supernatant contains high concentrations 
of retroviruses, and gene transfer effieiency is low because of other contaminat¬ 
ing toxins within the supernatant. Therefore, performing a titer by using serial 
dilution of the retroviral supernatant is recommended. The titer can be performed 
on NIH 3T3 cells. Dilution of supernatant can be made using the NIH 3T3 cell 
growth media. 

13. Most proliferating cell lines can be transduced with a retroviral vector. However, 
the efficiency of transduction will depend on the percentage of cells that are ac- 
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tively proliferating at the time of exposure to the retrovirus, since integration into 
the host genome is required for stable expression of the transferred gene. There¬ 
fore, the growth conditions for each cell line being transduced should be opti¬ 
mized before attempting this transduction procedure. Most long-term cell lines 
already have defined growth conditions that support optimal growth. However, it 
is now possible to transduce many primary, short-term cancer cell lines, and con¬ 
ditions for optimizing their growth may already have been described. 

14. The actual density of cells in the flask should be optimized for every tumor cell 
type, keeping in mind that the cells will need to be able to proliferate maximally 
for at least 48 h following transduction to allow for optimal integration and expres¬ 
sion of the gene. For cells with a 48-72 h doubling time, adequate transduction 
can be achieved by plating the cells at a density that will result in approximately 
one-third confluency of the flask on the day of transduction. 

15. Both a negative and a positive control group should be included in each transduc¬ 
tion experiment to confirm that gene expression is the result of gene transfer. A 
good negative control is to incubate the flask of each cell type to be transduced 
with retroviral producer cell growth media containing the enhancing polymer 
alone. An adequate positive control would include the transduction of any easily 
transducible cell line with the same lot of retroviral supernatant used to transduce 
the test tumor cells. 

16. Transduction efficiency can be enhanced by the addition of polymers to the 
retroviral supernatant just prior to exposure of the target cells to the retroviral 
vector. Enhanced gene transfer is thought to occur via a charge-mediated mecha¬ 
nism that affects virus binding to or penetration of the target cell. The polycations 
protamine, Polybrene, and DEAE-dextran are routinely used for this purpose 
(4,60). In addition, liposome-forming compounds such as dioxeoyl-trimethyl 
ammonium propane (DOTAP; Boehringer Mannheim, Indianapolis, IN) have also 
been used successfully to enhance retroviral gene transfer and may be less toxic to 
the host cell than other enhancers. Liposome-forming agents probably enhance 
gene transfer into the host cell by first forming stable interactions with the virus, 
then adhering to the cell surface, and then fusing with the cell membrane and 
releasing the virus into the cytoplasm (61). Because most enhancers are toxic to 
the cell lines at high concentrations, yet higher concentrations of polymers may 
be required for enhanced transduction efficiency to some cell lines, it is recom¬ 
mended that a titer of the enhancer be performed on each new batch of enhancers 
used, to determine the least toxic, most enhancing concentration of the polycation 
or lipid coumpound. Table 2 illustrates recommended ranges of polycation and 
lipid reagent concentrations for the commonly employed transduction enhancers. 

17. Longer incubation times will increase the number of proliferating cells that are 
exposed to the retroviral vector and therefore may increase the efficiency of trans¬ 
duction. Hardy tumor cell lines may tolerate the retroviral supernatant containing 
low concentrations of enhancer for 24^8 h without significant cell death. How¬ 
ever, primary human tumor cultures may not tolerate a change in the growth media 
for more than several hours. Therefore, it is best to perform a pilot study evaluat- 
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Table 2 

Commonly Employed Transduction Enhancing Reagents 

Transduction Target cell type Concentration range Incubation time* 

enhancer (tumor cell lines) (pg/mL) (h) 


DEAE-dextran 

Murine 

5-10 

24 

(Sigma, St. Louis, MO) 

Human 

10-100 

4-24 

Polybrene 

Murine 

5-10 

24 

(Sigma or Aldrich, 

Human 

10-100 


Milwaukee, WI) 
Protamine sulfate 

Murine 

5-10 

24 

(Lilly, Indianapolis, IN) 

Human 

10-100 

4-24 

DOTAP 

Murine 

5-10 

24 

(Boehringer Mannheim, 

Human 

10-100 

4-24 


Indianapolis, IN 

“ Final concentratiaon in retroval supemantant. 

* Concentrations of transduction inhibitors can be toxic to cells with prolonged incubation 
times. We recommend a pretransduction feasibility study looking at toxicity of each enhancer 
over time. 

ing the rate of tumor cell death over time under exposure to the retroviral superna¬ 
tant containing the enhancer, to optimize the transduction procedure. 

18. Recent evidence suggests that the efficiency of retroviral transduction can be 
improved by a 90-min centrifugation at 2000g (2500 rpm) and 32°C, prior to an 
overnight incubation (at 32°C) of the tumor cells with the retroviral supernatant. 
However, some tumor cells may not tolerate an overnight incubation at 32°C (59). 

19. It is often useful to perform the initial transduction studies on new tumor cell lines 
using the retroviral vector containing a marker gene (for example, the lacZ gene 
expresses the cytoplasmic enzyme 13-galactosidase, which will turn the cytoplasm 
of the transduced cell blue after exposure to the substrate Bluogal or X-Gal). 
Marker genes can be used quantitatively to determine the number of the tumor 
cells in the transduction population that are capable of expressing the transferred 
gene (the transduction efficiency of the vector for a particular tumor cell line). 

20. It is not uncommon to have a high-titer retroviral supernatant. If this is the case, 
the supernatant can be diluted 1:5 or 1:10 (depending on titer) with target-cell 
media, prior to the transduction procedure, to decrease target-cell toxicity from 
the retroviral supernatant. As mentioned earlier, be aware that a dilution of a high- 
titer supernatant may be necessary because higher titer supernatants may contain 
inhibitors against successful retroviral transduction. 

21. The procedure described in Subheadings 3.1.-3.5. can be used for transduction 
of adherent and nonadherent tumor cell lines and does not require any special 
modifications. For nonadherent cell lines, media changes require that the tumor 
cells be taken up with the supernatants and centrifuged to remove the supernatant. 
The cells are then resuspended in the fresh media and replated. 
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22. Freezing of large stocks of the transduced tumor cells is recommended to prevent 
loss of gene expression, as well as to prevent in vitro selection with loss of antigen 
expression. Transduced tumor cell lines can be frozen down and stored in liquid 
nitrogen long term without loss of gene expression. Controlled-rate freezing is 
recommended to prevent a significant decrease in viability following thawing. A 
cheap and efficient way to perform controlled-rate freezing is to immerse the 
freezing vial of cells in a propanol bath (Nalgene Cryo 1°C Freezing container) 
and to place the apparatus into a -70°C freezer overnight. This will freeze the 
cells at approximately l°C/min. The cells can then be placed into liquid nitrogen 
for long-term storage. 

23. Primary human tumor lines are more difficult to transduce than long-term estab¬ 
lished lines. However, with the increasing applications of gene therapy in clinics, 
there is an increasing need for improved methods of gene transfer to these cells. 
The most important criteria for efficient gene transfer to primary human tumor 
cultures are to optimize the growth conditions for maximal proliferation capacity. 
In addition, increasing the concentration of transduction-enhancing polymer may 
result in improved transduction efficiency. It is often beneficial to screen the dif¬ 
ferent enhancing polymers initially for the upper limits of polymer concentration, 
and incubation time that each primary tumor cell line can tolerate before signifi¬ 
cant cell death is observed. 

24. Recently, some evidence has indicated that modifying the packaging cell line to 
express alternative envelope proteins other than those of ecotropic or amphotropic 
cell surface receptors can enhance retroviral uptake and expression by human 
tumor cells. This possibility should be considered if gene expression cannot be 
improved with the aforementioned modifications. 

25. Following transduction of tumor cells with the cytokine gene, the transduced cells 
should be evaluated for the total quantity of cytokine produced and for the quan¬ 
tity of cytokine that is bioactive. ELISA best determines the total quantity of 
cytokine produced. The ELISA kits are now commercially available for 
quantitation of most murine and human cytokines (Genzyme, Boston, MA; 
Endogen; R&D Systems). Although these kits are expensive, they usually have a 
sensitivity of 1-4 pg/mL and are specific for the cytokine being tested. Bioassays 
are also available for many murine and human cytokines. Although they are often 
not as sensitive or specific as ELISA, they provide important information con¬ 
cerning the function of the cytokine being secreted by the tumor cells. Cell line 
bioassays of common murine and human are listed in Table 3. For these assays, 
serial dilutions are made of the tumor cell supernatants collected as described in 
Subheading 3.5. Most of the bioassays rely on cell lines that are growth factor 
dependent. In these assays, the degree of proliferation of the cell line in the pres¬ 
ence of the serially diluted cytokines is determined by [^HJthymidine incorpora¬ 
tion. A recombinant standard is also run along with the test samples to quantitate 
the cytokine accurately in the test samples. Because several cytokines may stimu¬ 
late the same cell line, duplicate curves are often run for each sample, one curve in 
the presence of cytokine-blocking antibody, to evaluate the percent of prolifera- 
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Table 3 

Common Bioassays Used to Quantitate Cytokine Production 


Cytokine 

Cell line for bioassay (ref) 

Human IL-2 

CTLL-2 (62) 

Murine IL-2 

CTLL (63) 

Human IL-3 

TF-1 cells (64) 

Murine IL-3 

NFS 60 (65) 

Human IL-4 

PHA-activated peripheral 


blood monuclear cells (65) 

Murine IL-4 

CT4S or HT-2 cells (62,66) 

Human IL-5 

TF-1 cells (63) 

Murine IL-5 

TF-1 cells (67) 

Human IL-6 

T 1165.85.2.1 cells (67) 

Murine IL-6 

T 1165.85.2.1 cells (67) 

Human IL-7 

PHA-activated Peripheral 


blood monuclear cells (66) 

Murine IL-7 

PHA-activated peripheral 


blood monuclear cells (66) 

Human IL-12 

PHA-activated human lymphoblasts (62) 

Murine IL-12 

PHA-activated human lymphoblasts (62) 

Human GM-CSF 

TF-1 cells (63) 

Murine GM-CSF 

NFS 60 (64) 

Human interferon-y 

Antiviral assay (65) 

Murine interferon-y 

Antiviral assay (65) 

Human TNF-a 

Cytotoxic assay (62) 

Murine TNF-a 

Cytotoxic assay (62) 


tion that is specifically the result of that cytokine. Exceptions are the TNF-a 
(cytotoxic) and INF-y (antiviral) assays. The exact procedures for performing 
these assays can be found in the references listed in Table 3. 

26. Genes encoding cytokines are currently one of the most commonly employed 
genetically altered tumor vaccine strategies in preclinical models and in clinical 
trials. However, other gene-modified vaccine strategies, including tumor cell sur¬ 
face expression of MHC class I and II molecules and costimulatory cell surface 
molecules (for example, B7), are also under investigation. Successful gene trans¬ 
fer of these gene products can be assayed using cell surface staining with a MAb 
specific for the gene product and analyzed by standard flow cytometric methods. 

27. Evaluation of vector copy number should be considered, particularly in cases of 
suboptimal gene product expression, to determine whether the problem is at the 
level of transcription or owing to inadequate transduction. Vector copy number 
can be evaluated by Southern blot hybridization using standard procedures. 

28. If the problem is owing to inadequate transduction and all the transduction condi- 
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tions are optimized, it is possible to improve on transduction efficiency signifi¬ 
cantly by subjecting the transduced cells to one or two or more rounds of trans¬ 
duction. 

29. Untransduced unirradiated tumor cells (in vivo and in vitro) have been demon¬ 
strated to secrete varying quantities of many cytokines. Therefore, the untra¬ 
nsduced tumor cells should also be evaluated for cytokine production as control 
cells. 

30. The number of vaccine cells to inject to obtain adequate priming should be deter¬ 
mined for each tumor model. Studies have shown that there is a minimal number 
of vaccine cells below which vaccine potency is significantly diminished (68). In 
addition, increasing the number of vaccine cells above the minimal cell number 
that generates adequate immune priming did not significantly enhance the elicited 
antitumor immune response (68). 

31. The optimal route of administration of the vaccine cells may vary with the tumor 
model and should be determined in preliminary experiments. Immunization may 
be accomplished by one of several routes of vaccine administration, including 
subcutaneous, intradermal, intraperitoneal, intranodal, and intravenous. For treat¬ 
ment of solid tumor malignancies in the mouse, the subcutaneous space appears to 
provide an adequate area for the initial priming of immune responses, because 
this area has an adequate blood supply and is near the lower epidermis, where 
potential APCs reside. For the same reason the dermis is an area that should be 
considered in designing clinical trials, although in mice this area is too small for 
adequate vaccination access. Intravenous and intraperitoneal routes should be con¬ 
sidered respectively for vaccination against hematologic malignancies and some 
solid tumors (i.e., ovarian cancer), which often metastasize to the peritoneum. 

32. An evaluation of the optimal vaccine schedule, both in terms of the number of 
simultaneous vaccinations and the number and schedule of repeat vaccinations, 
should also be performed. The spatial distribution of the vaccine innoculum may 
have a significant impact on vaccine potency. For example, priming one lymph 
node region at a time may be less effective than priming multiple lymph node 
regions simultaneously. In addition, repeated weekly, biweekly, or monthly vac¬ 
cinations may be more effective than a single vaccination (68). 

33. There appears to be a minimal cytokine production by vaccine cells required to 
achieve maximal antitumor immunity. For example, a minimal GM-CSF produc¬ 
tion of 36 ng/10® vaccine cells/24 h is necessary to generate an effective antitumor 
immune response in B16 melanoma tumor model. Dilution studies,in which the 
total number of cytokine-secreting tumor cells is serially decreased while the total 
number of antigen-expressing cells is kept constant (by dosing in wild-type irradi¬ 
ated tumor) can be performed to address this question (68). 

34. The cytokine-secreting vaccine should be compared with wild-type irradiated 
untransduced parental tumor cells, since many experimental animal tumors 
become immunogenic after irradiation other means of tumor cell inactivation. 
Consequently, three groups of mice should be considered: 1) mice vaccinated 
with the irradiated cytokine-secreting tumor cells; 2) mice vaccinated with the 


252 


Reilly et al. 


irradiated parental tumor cells; and 3) control mice injected with HBSS. To allow 
statistical analysis, at least 10 mice should be vaccinated per group in models in 
which 100% of unvaccinated mice develop tumors (68). 

35. Each histologic tumor type will require different doses of y-irradiation. It is there¬ 
fore important to evaluate the optimal dose of irradiation that will result in loss of 
proliferation without loss of short-term cytokine secretion. In vitro studies from 
our laboratory have shown that lethally irradiated, cytokine-secreting murine and 
human tumor cell lines will continue to secrete adequate levels of cytokine for 7 
days following irradiation, before the concentration of cytokines secreted begins 
to decline. Minimal cytokine production is usually detected 2 weeks following 
irradiation. 

36. The number of tumor cells necessary for the challenge varies with the tumor cells 
and the model used. The optimal number of cells has to be previously determined 
in titration experiments. (Generally a tumor should appear between 1 and 2 weeks 
after the tumor challenge in the control group.) The route of injection varies with 
the tumor model used (intravenous for metastatic models or hematologic malig¬ 
nancies and subcutaneous for solid tumor). 

37. The protection assay (challenge 14 days after the first vaccination) is the best 
method for the initial screening of immune response priming against a tumor by 
different cytokine-secreting tumor vaccines. In particular, this assay provides a 
sensitive method for studying the magnitude of priming that has resulted follow¬ 
ing vaccination. Because the challenge antigen load is given following vaccina¬ 
tion and the volume of tumor can be controlled, even a low magnitude of priming 
can be detected, and small differences in priming between different vaccines can 
be observed. In contrast, cure experiments are best employed to study clinically 
relevant antitumor immune effects. In these studies, cytokine vaccines can be 
evaluated for their ability to impact on established cancer. 

38. The safety issues concerning clinical trials are beyond the scope of this review 
(screening for helper virus contamination, reinjection of live vaccine cells, and so 
on). In the setting of autologous vaccine, each patient will require surgical resec¬ 
tion of their primary tumor, followed by in vitro expansion and genetic modifica¬ 
tion. The best source of tumor antigens may be the primary tumor rather than a 
metastasis, because metastases probably develop from only one or a few clones of 
cells that arise from the primary tumor. Protocols to isolate tumor cells from pri¬ 
mary tumor have been reported elsewhere (45,69). 
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HIV-Based Vectors 

Preparation and Use 

Antonia Follenzi and Luigi Naidini 


1. Introduction 

The development of gene transfer vectors from lentiviruses, such as the 
human immunodeficiency virus 1 (HIV-1), has opened exciting perspectives 
for the genetic treatment of a wide array of inherited and acquired diseases, 
because of their ability to achieve the efficient delivery, integration, and long¬ 
term expression of transgenes into dividing and nondividing cells both in vitro 
and in vivo. 

This chapter explores the various practical aspects of production and assay 
of lentiviral vector (LV), in addition to the structure and genetics of HIV-1 and 
the design and biosafety of TVs. More detailed and extensive reviews describ¬ 
ing the biology of lentiviral vectors are also available (1-4). 

1.1. HIV-1 Structure and Genetics 

HIV-1 is a member of one of the five major primate lineages of the lentivirus 
family of retroviruses. Lentiviruses are spherical particles of approximately 
110 nm in diameter. They have lipid-enveloped particles comprising a 
homodimer of linear, positive-sense, single-stranded RNA genomes of about 
9.7 kb. In the early stages of infection, the virion RNA genome is converted 
into double-stranded linear DNA by the process of reverse transcription. This 
linear viral DNA is integrated into the host cell genome to produce the pro virus 
(5,6). 

Like retroviruses, HIVs and other lentiviruses have two long terminal repeats 
(LTR) at their ends. LTRs and neighboring sequences act in cis during expres- 
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sion, packaging, reverse transcription, and integration of the genome. These 
sequences frame a colinear array of the gag, pol, and env genes. The gag gene 
encodes a polyprotein that forms the inner virion structures matrix, capsid, and 
nucleoprotein. The pol gene encodes the viral enzymes protease, reverse tran¬ 
scriptase, RNase H, and integrase. The env gene encodes the surface and trans¬ 
membrane components of the envelope glycoprotein. Although the basic steps 
of the HIV-1 life cycle are the same as for other retroviruses, six virally encoded 
regulatory/accessory proteins (Tat, Rev, Vif, Vpr, Vpu, and Nef) that are not 
found in other classes of retroviruses impart novel levels of complexity to 
lentiviral replication (7). The tat and rev proteins act at the transcriptional and 
posttranscriptional levels, respectively. The tat protein binds to a stem-loop 
structure (TAR) in the nascent HIV LTR RNA and tethers the cyclin T-CDK9 
complex to polymerase II, leading to increased transcriptional elongation (8,9). 
Rev binds to an RNA motif (Rev responsive element [RRE]), found in the 
envelope coding region of the HIV transcript, and bridges it to the nuclear 
export factor exportin 1 (CRM) (10-12), promoting the cytoplasmic export of 
unspliced and singly spliced viral transcripts expressing the late viral pro¬ 
teins (13). 

The four accessory genes of HIV are vif, vpr, vpu, and nef. The Vif gene 
product acts during virion assembly to promote the early steps of infection, but 
its requirement is limited to virions produced from primary lymphocytes and 
macrophages, and not from most cell lines (6,14). Moreover, Vif binds to HIV- 
1 RNA in the cytoplasm of virus-producing cells. Vif-RNA binding could be 
displaced by Gag-RNA binding, suggesting that Vif protein may mediate viral 
RNA interaction with HIV-1 Gag precursors (15). The Vpu gene product stimu¬ 
lates the release of virions from the surface of infected cells (16). Furthermore, 
Vpu binds CD4 in the endoplasmic reticulum and targets it for proteolysis by 
recruitment into the cytosolic ubiquitin-proteasome pathway (17). The Nef 
gene product facilitates the routing of CD4 from the cell surface and Golgi 
apparatus to lysosomes, resulting in receptor degradation and preventing inap¬ 
propriate interactions with Env, as for Vpu (18); it also promotes the infectiv- 
ity of HIV virions (19), but the latter effect seems to be restricted to virions that 
penetrate cells by fusion at the plasma membrane (20). It has recently been 
shown that HIV-1 Nef protein downregulates the cell surface expression of 
MHC-1 and probably thereby promotes immune evasion by HIV-1 (21). The 
Vpr gene product induces growth arrest in G 2 phase (22), when expression of 
the viral genome is most efficient (23). Vpr can play opposite roles in the regu¬ 
lation of apoptosis, which may depend on the level of its intracellular expres¬ 
sion at different stages of HIV-1 infection (24-26). Vpr is incorporated in the 
virions and contributes to the nuclear import of the preintegration complex by 
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interaction with importin-a as well as nucleoporins (27-30). In spite of their 
nonessential role in vitro, the accessory genes of HIV are strictly conserved, 
and their gene products are essential virulence factors in vivo. 

1.2. Development of Hybrid Lentiviral Vectors 

LV are replication-defective, hybrid viral particles made by the core pro¬ 
teins and enzymes of a lentivirus and the envelope of a different virus, most 
often the vesicular stomatitis virus (VSV) (31). The use ofVSV.G yields higher 
vector titers and results in greater stability of the vector virus particles (32). 
The general strategies employed in the design of LV involve segregation of 
trans-diCtmg sequences that encode for viral proteins from cfr-acting sequences 
involved in the transfer of the viral genome to target cells. The vector particles 
are assembled by viral proteins expressed in the producer cell from constructs 
stripped of the majority of viral c/s-acting sequences. The viral c/s-acting 
sequences are linked to the transgene and are introduced into the same cell. As 
the vector particle can only transfer the latter construct, the infection process is 
limited to a single round without further spreading. 

The packaging functions for the LV are provided by at least two separate 
expression plasmids that use transcriptional signals different from those of the 
virus. A “core” packaging construct, derived from the HIV-1 pro viral DNA, 
expresses the viral proteins but not the env gene that has been deleted. A sepa¬ 
rate construct expresses a heterologous envelope that is incorporated into the 
vector particles (pseudotyping) and allows entry into the target cells. A third 
construct, the transfer vector, expresses RNA that contains the viral cA-acting 
sequences required for packaging by the vector particles, reverse transcription, 
nuclear translocation, and integration in the target cells. It transfers an expres¬ 
sion cassette for the transgene containing an internal promoter (Fig. 1). 

1.3. Vector Packaging Systems 

In the first generation of hybrid LV, the whole HIV genome under heterolo¬ 
gous transcriptional control, lacking the packaging signal and deleted in the 
env gene, was employed as a packaging construct (32). Advanced vector design 
was reached by deleting unnecessary genes (Vif, Vpr, Vpu, and Nef), resulting 
in the production of so-called multiply attenuated or “second generation” pack¬ 
aging systems without causing reduction in the transduction efficiency (3,33- 
36). A further improvement in biosafety was achieved by the elimination of the 
tat and rev genes from the core packaging construct. The function of the tat 
gene could be replaced by strong costitutive promoters upstream of the vector 
transcriptional start site (34,37), and Rev is provided in trans by a fourth con¬ 
struct driven by a Rous sarcoma virus promoter. These results achieved an 
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Fig. 1. Structure of the HIV-1 provirus and derived constructs. The typical design 
of lentiviral vectors is based on separation of the sequences acting in cis from the viral 
genes that express proteins working in trans during transduction and that must be 
expressed in the producer cells. All the cis functions that will allow efficient 
encapsidation, reverse transcription, and integration of the vector into the target cells 
are located in the transfer construct. The packaging construct expresses the indicated 
viral genes from the cytomegalovirus promoter (CMV) and polyadenylation sites 
(polyA). Abbreviations: LTR, long terminal repeats: the 5' LTR of the transfer con¬ 
struct is chimeric, with the enhancer-promoter of the RSV replacing the U3 region, 
and the 3' LTR has an almost complete deletion of the U3 region (sin-18); RSV, Rous 
sarcoma virus promoter; SD and SA, splice donor and acceptor sites; \|/, the packaging 
sequence; GA, 5' portion of the gag gene with truncated reading frame including ex¬ 
tended packaging signal; RRE, Rev response element; cPPT, central polypurine tract; 
Prom, internal promoter; WPRE, posttranscriptional element from the genome of the 
woodchuck hepatitis virus. 
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important biosafety gain because any recombinant replication-competent virus 
(RCR) that could be generated during vector manufacturing would lack all 
factors essential for HIV-1 replication and virulence in vivo. 

Using the new minimal packaging constructs, it is now possible to generate 
stable producer cell lines that allow better characterization and scale-up of vec¬ 
tor manufacturing. A number of approaches are being explored toward realiz¬ 
ing this goal, inluding the use of inducible expression systems (38,39), 

1.4. Transfer Vectors: Design and Performance 

The transfer vector contains the complete HIV leader sequence and the 5' 
splice donor site, followed by part of the gag gene (extended packaging signal; 
with the gag reading frame closed by a synthetic stop codon) as well as env 
sequences containing the RRE and the splice acceptor sites of the third exon of 
the tat and rev genes. For the requirement of HIV-derived cA-acting sequences 
in the transfer vector, see also other works (40-43). Considerable progress in 
biosafety was also achieved by the successful generation of self-inactivating 
LVs (44-46). These vectors are produced by transfer constructs that carry an 
almost complete deletion in the U3 region of the HIV 3' LTR. The U3 region 
contains the viral enhancer and promoter. Transduction of vector deleted in the 
3' U3 results in duplication of the deletion in the upstream LTR and the tran¬ 
scriptional inactivation of both LTRs. Remarkably, self-inactivating LVs could 
be produced with infectious titers and levels of transgene expression driven by 
an internal promoter similar to vectors carrying wild-type LTRs. Furthermore, 
the lack of promoter sequences in the LTR should improve the performance of 
an internal tissue-specific or regulated promoter. 

Further elements were also incorporated in the expression cassette to im¬ 
prove its performance. A regulatory sequence from the genome of the wood¬ 
chuck hepatitis virus (WPRE) was added to the 3' end of the transfer vector. 
This element acts at the posttranscriptional level, in all probability promoting 
the efficiency of polyadenylation of the nascent transcript, and increasing its 
total amount in the cells (47). Addition of the WPRE to HIV-derived vectors 
improved substantially the level of transgene expression from several types of 
promoters in vitro and in vivo (48,49). 

A recently described modification of the transfer vector backbone restored 
infectivity of vector particles to the level of wild-type virus (50,51). An addi¬ 
tional copy of the polypurine tract, which primes transcription of the viral phis 
strand DNA, is present in the middle of the HIV genome, included in the pol 
gene. This sequence (cPPT) was shown to be required for efficient replication 
of HIV-1 by mutation analysis (52-54). In the design of LV described above, 
the cPPT sequence was maintained only in the packaging construct, as part of 
the pol gene. The introduction of the cPPT sequence in the transfer vector back- 
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bone strongly increased the total amount of genome integrated into the DNA of 
target cells (50,51). 

1.5. Advantages and Limitations of Lentivirai Vectors for Gene 
Transfer and Gene Therapy 

The ability of hybrid LV to infect nondividing or terminally differentiated 
cells, including neurons, retinal photoreceptor cells, several types of epithelial 
tissues, and pluripotent hematopoietic stem cells (for review, see ref. 3), may 
expand the range of disease targets and facilitate the development of gene 
therapy approaches. In addition, TVs may increase the efficacy of gene trans¬ 
fer into target cells and decrease the need for much of the ex vivo manipulation 
required. 

TVs offer significant advantages for optimizing the expression of a 
transgene. First, they allow for stable long-term expression. No evidence of 
significant transcriptional shutoff has yet been reported after lentivirai gene 
transfer into a wide spectrum of target tissues, at the longest times examined, 
often of several months (55). The capacity to integrate up to 9 kb of foreign 
DNA into the host genome and the ability to carry regulatory elements (i.e., 
tissue-specific enhancers/promoters, splice sites, and so on) without interfer¬ 
ence from the viral genome allows for greater control of transferred gene 
expression (56). The lack of preexisting immunity in the recipient may facili¬ 
tate in vivo delivery by TVs, compared with vectors derived from viruses com¬ 
monly infecting the host population. 

Some of the concerns still associated with the current LV systems are the 
possibility of insertional mutagenesis by the vector as it integrates in the host 
genome and the possibility of contamination of vector batches by RCR. Regard¬ 
ing insertional mutagenesis by TVs, it is encouraging that this phenomenon 
has not been observed, even in patients with HIV infection who have high viral 
loads (57). The use of self-inactivating vector diminishes the concern for onco¬ 
genesis by promoter insertion, and it alleviates significantly the risk of vector 
mobilization and recombination with the wild-type virus (58). 

The use of HIV-derived vectors systems clearly raises concern that a recom¬ 
binant RCR could be generated during vector production even though no such 
a virus has been observed in the systems studied so far. However, the assays 
currently available for detection of such an RCR are of limited sensitivity and 
need to be further developed. One can predict that the only features of the 
parental virus shared by any of the eventual RCRs arising from late-generation 
systems would be those dependent on the gag and pol genes. Thus RCR moni¬ 
toring could be performed by assays based on HIV-1 gag detection, such as 
p24 immunocapture assay, and gag RNA-polymerase chain reaction assay. 
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However, in vivo testing is required to score RCR growth on multiple target 
cells and to monitor pathogenic effects. Development of appropriate in vivo 
testing remains a major goal to advance LV applications. Given the strict spe¬ 
cies specificity of lentiviral pathogenesis, this testing should be performed ini¬ 
tially in the natural host of the parental virus. For vectors derived from HIV-1 
or HIV-2, this is a major challenge, and substitutes may be sought either among 
nonhuman primates or in chimeric mice harboring human hematolymphoid 
tissues (59). Appropriate in vivo testing will also permit the monitoring 
of transmission of vector sequences to the germline, a risk factor difficult 
to evaluate but important for consideration in any protocol involving in 
vivo administration of an integrating vector that cannot be targeted to specific 
cells. 

2. Materials 

2. 1. Cell Culture 

1. Human 293T cells. 293T cells were originally called 293tsA1609ne (60) and 
were derived from 293 cells, a continuous human embryonic kidney cell line 
transformed by sheared type 5 Adenoviras DNA (ATCC, no. CRL-1573) (61). 
These cells were subsequently transfected with the tsA 1609 mutant gene of SV40 
large T-antigen and the Neo'' gene of E. coli, and clones were selected for resis¬ 
tance to neomycin. The cells are split 1;10 every 3 or 4 days {see Note 1). 

2. Sterile phosphate-buffered saline (PBS): 1.0% NaCl, 0.025% KCl, 0.14% 
Na 2 HP 04 , 0.025% KH 2 PO 4 (all w/v), at pH 7.2. 

3. Iscove’s modified Dulbecco’s medium (IMDM) containing 10% fetal bovine 
serum (FBS) and antibiotics (penicillin and streptomycin) (see Note 2). 

4. Tissue culture dishes. 

5. Trypsin (0.05%) and EDTA (4 mM, pH 7.3) in PBS. 

2.2. Recombinant Lentiviral Vector Plasmids 

It is important to use pure DNA for transfection. Plasmids should be pre¬ 
pared and purified by double CsCl gradient centrifugation or other commer¬ 
cially available column methods yielding endotoxin-free DNA (see Note 3). 

2.3. Recombinant Lentiviral Vector Plasmids 

1. Monolayers of 293Tcells at approximately 80% confluence. 

2. 2x HBS: 281 mMNaCl, 100 mMHEPES, 1.5 mMNa 2 HP 04 , pH 7.12, 0.22 pm 
filtered and stored in aliquots at -20°C (see Note 4). 

3. 2.5 MCaCl 2 : Tissue culture grade, 0.22 pm filtered and stored at -20°C. 

4. 0. lx TE buffer, 0.22 pm filtered and stored at 4°C. 

5. Double-processed tissue culture water H 2 O (endotoxin-free). 

6 . Tissue culture dishes (100 x 20 mm, Falcon Code no. 353003). 

7. 50-mL polypropylene tubes. 
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8. Recombinant lentiviral vector plasmids: CsCl-purified preparations. 

9. Vortex. 

2.4. Concentration of Lentiviral Vectors 

1. Beckman Optima XL-IOOK Ultracentrifuge with swing-out rotor SW28. 

2. Centrifuge tubes in polyallomer (25 x 89 mm; Beckman cat. no. 326823). 

3. PBS/1% bovine serum albumin (BSA). 

2.5. Titration of Lentiviral Vectors 

1. HeLa cells (ATCC, cat. no. CCL2). 

2. Six-well and 24-well tissue culture dishes. 

3. Filtered sterile tips and automatic micropipets (1000, 200, 20, and 10 (iL) 

4. Lentiviral vector stock to be titered. 

5. Polybrene stock 8 mg/mL in PBS (final concentration 8 jUg/mL). 

6. 5-mL fluoresence-activated cell sorting (FACS) tubes. 

7. Fixing solution: 1% formaldehyde EM grade, 2% fetal bovine serum (FBS) in 
PBS. 

8. FACS apparatus. 

9. Software for analysis. 

2.6. RCR Test 

1. C8166 or SupTl, human T-lymphoblastoid cell lines, cultured in RPMI-1640, 
10% FBS, maintained at 37°C with 5% CO 2 , (58). Make sure the cells are in log 
growth phase before they are used. 

2. 300 (d vector prep. (It is usually diluted 1:100.) 

2.7. HIV-1 p24 Assay 

1. HIV-l p24 Core Profile ELISA Kit (NEN Live Sciences Products, cat. no. 
NEK060A). 

2. Automated microplate reader. 

3. Methods 

3. 1. Generation of Lentiviral Vectors 

This section outlines the calcium phosphate method for cotransfecting 293T 
cells with four plasmids (third-generation core packaging plasmids: pMDLg/ 
pRRE and pRSV.REV, self-inactivating (SIN) transfer vector plasmid pRRE- 
SIN-18PPT.CMV.EGFPWpre, and envelope plasmid PMD 2 VSV.G. 
[32,37,45,50}) for rescue of the recombinant HIV genome with the gene of 
interest and packaging into viral particles. The cell line of choice is always 
293T, because these cells are good recipients of DNA in DNA-mediated gene- 
transfer procedures, and the backbones of the vector constructs contain SV40 
origin of replication (Fig. 2). 
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Fig. 2. Schematic drawing of the four constructs required to make third-generation 
HIV- 1 -derived lentiviral vectors, (a) The conditional packaging construct expressing 
the gag and pol genes from the CMV promoter, (b) A non-overlapping construct, 
RSV-Rev expressing the rev cDNA under the control of the Rous sarcoma virus (RSV) 
promoter, (c) The SIN transfer construct contains HIV-1 cw-acting sequences and an 
expression cassette for the transgene (enhanced green fluorescent protein [EGFP]) 
driven by the CMV promoter, (d) A fourth construct encodes a heterologous envelope 
to pseudotype the vector, here shown coding for protein G of the vesicular stomatitis 
virus Indiana serotype (VSV.G) under the control of the CMV promoter. Upon trans¬ 
fection of all four constructs into human 293T cells, high titers of replication-defec¬ 
tive, self-inactivating vectors are produced. For other abbreviations, see Fig. 1 legend. 
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We routinely use calcium-phosphate precipitation to obtain infectious par¬ 
ticles. The reader is encouraged to evaluate other transfection techniques as 
well; good transfection efficiency is also reached by lipid-based methods. 

3.1.1. Transfection of DNA Using Caicium-Phosphate Precipitation 

1. Seed and incubate 5x10® 293T cells in a 10-cm dish, approximately 24 h before 
transfection in IMDM, 10% FBS, penicillin (25 U/mL), streptomycin (25 U/mL). 

2. Change medium 2 h before transfection. 

3. The plasmid DNA mix is prepared by adding 3.5 pg ENV plasmid (p]VID2-VSV- 
G), 5 pg core packaging plasmid (pMDLg/pRRE), 2.5 pg pRSV-REV, and 10 pg 
gene transfer plasmid (pRRLsinl8.PPT.CMV.GFP.Wpre) together per dish. The 
plasmid solution is made up to a final volume of 450 pL with O.IX TE/dpH20 
(2:1) in a 50-mL polypropylene tube. Finally, add 50 pL 2.5 MCaCl 2 . 

4. The precipitate is formed by dropwise addition of 500 pL of the 2x FIBS solution 
to the 500 pL of DNA/TE/CaCl 2 mixture from step 3 while vortexing at full 
speed. The precipitate should be added to the 293T cells immediately following 
addition of the 2x HBS {see Note 5). 

5. The CaP-precipitated plasmid DNA should be allowed to stay on the cells for 
14-16 h, after which the media should be replaced with fresh media for virus 
collection to begin. Discard medium as infectious waste. 

6. Collect the cell supernatants at 24 and 48 h after changing the media. 

7. Centrifuge at 300g for 5 min at room temperature (RT) and filter supernatant 
through a 0.22-pm pore nitrocellulose filter. 

8. Use the conditioned supernatant as is or proceed to concentration. 

3.2. Concentration of Lentiviral Vectors 

1. 24 h after media replacement, collect the 293T cell supernatant, centrifuge at 
300g for 5 min at RT, and filter supernatant through 0.22-pm pore nitrocellulose 
filter. 

2. Concentrate the conditioned medium by ultracentrifugation at 50,000g (with an 
SW28 rotor in a Beckman ultracentrifuge Optima XL-IOOK) x 140 min at RT. 

3. Discard the supernatant by decanting, and resuspend the pellets in a small vol¬ 
ume (>200 ml if only one centrifugation is performed) of PBS containing 1% 
BSA, pool in a small tube, and rotate on a wheel at RT for 1 h. If only one cen¬ 
trifugation is performed, go to step 8. 

4. Store the concentrate vector from the first collection at 4°C until the end of the 
second collection and ultracentrifugation of the following day. 

5. Repeat steps 1-3 for the second collection. 

6. Pool the vector suspension from the two collections, dilute in PBS, and concen¬ 
trate again by ultracentrifugation. 

7. Resuspend the final pellet in a very small volume (1/500 of the starting volume 
of medium) of sterile PBS/1% BSA. Resuspension of the second pellet requires 
prolonged incubation on a rotating wheel and pipeting at RT. 

8. Split into small aliquots (20 pL), store at -80°C, and titer after freezing. 
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3.3. Titration of Lentivirai Vectors 

1. Plate 5x10'* HeLa cells/well a day before in a 6-well COSTAR plate. (The day 
after you will have approximately 10^ cells/well.) 

2. The following day prepare serial 10-fold dilutions of viral stocks. Take a 24-well 
plate and add 1.8 mL of medium (IMDM/10% FBS) to each well. Then add to the 
first well of the first row 200 jlL of viral stock (lO"' dilution). After pipeting 
several times, change the tip, take 200 juL of the 10'^ dilution, and put it in the 
second well. Take 200 juL of 10'^ dilution, put it in the third well, and continue 
until you have 10'® dilution. 

3. If you are titrating concentrated vector stock, you should add 2 mL of medium to 
the first well of the dilution plate and add 2 pL of the concentrated vector prepa¬ 
ration and continue with the serial dilutions as described above. (In this case you 
have dilutions from 10'^ to 10'*.) 

4. Take HeLa cells from the incubator and aspirate the media. Add 1 mL of medium 
with 2x Polybrene. (Use lOOOx stock, 8 mg/mL.) 

5. Add to wells 1 mL of serial dilutions changing tips each time or starting from the 
most diluted sample. 

6. Incubate for 72 h at 37°C in a 5% CO 2 incubator. 

7. Wash wells with 2 mL of PBS. 

8. Add 200 pL of trypsin in PBS to each well. Wait until cells are detached from 
plates (5 min at 37°C). 

9. Add 2 mL of PBS to each well and harvest cells in FACS tubes. 

10. Centrifuge at 300g for 5 min at RT. 

11. Aspirate the supernatant and add 1 mL of fixing solution to the pellet, and vortex 
the tubes. (Samples are stable at 4°C for a few days.) 

12. Process the samples by FACS and calculate the titer (see Note 6-8). 

3.4. RCR Test 

1. Infect 2 X IO'^ SupT 1 (or C8166) cells with 200 pL of the vector preparation to be 
tested diluted 1:100 in 1 mL medium (RPMI/10% FBS) with 2 pg/mL Polybrene, 
and incubate at 37°C for 16 h. 

2. The following day wash cells 3 times with medium. 

3. Resuspend the cells in 1 mL of fresh medium and incubate at 37°C, 5% CO 2 . 

4. Every 3-4 days, take about 0.5 mL of supernatant for HIV-1 p24 assay. Split the 
cells 1:5-1:7. 

5. Collect the supernatant up to 25 days. 

6. Measure p24 in the supernatant; usually do undiluted and 1:10 diluted samples. 

3.5. HIV-1 p24 Assay 

To perform the assay, follow the instruetions provided by the manufaeturer 
except for the sample preparation, for which you should: 

1. Use the dilutions from the titration on HeLa cells. 

2. If you have conditioned medium, use dilutions from 10'^ to 10'®; and 
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3. If you have concentrated vector, use dilutions from 10'^ to 10'*. 

4. Notes 

1. 293T cells should not be allowed to overgrow and should be used at low passage 
number (<p20) and kept as frozen stocks in liquid nitrogen. 

2. Transfection efficiency for vector production is sensitive to Mycoplasma con¬ 
tamination. Check your cells often for this kind of microorganism. Keep your 
gold cell batch in the absence of antibiotics and add them only when you plate the 
293T cells for transfection. 

3. Transform all vector plasmids in TOP 10 coli cells. Grow bacteria in Luria- 
Bertani (LB) media in the presence of carbenicillin instead of ampicillin; the 
advantages of the first are that it is temperature resistant and the bacteria can be 
grown for >16 h. 

4. After transfection, high-magnification microscopy of the 293T cells should re¬ 
veal a very small granular precipitate of the CaPi-precipitated plasmid DNA, 
initially above the cell monolayer, and after incubation in the 37°C incubator 
overnight, on the bottom of the plate in the spaces between the cells. 

5. Vector titer is calculated from the percent of HeLa cells transduced at low input 
of vector, as shown in the formula: % green fluorescence protein (GFP)VlOO X n° 
of cells infected x dilution factor = transduction units (TU)/mL. The range ob¬ 
tained is around 10^-10^ if you have titered a conditioned media and 10® TU/mL 
if you have a 500X concentrated vector preparation. 

6. The infectivity of vector preparation is calculated by the ratio of transduction or 
infectious units (TU)/mL/ng/mL of p24 and should be >10^^. 

7. The multiplicity of infection (MOI): TU/mL/n of cells to be infected for the fol¬ 
lowing ranges: infection efficiency is primarily controlled by vector concentra¬ 
tion (TU/mL), and MOI should be considered only for certain ranges of 
concentration of cells (>10"* cells/mL) and vector (>10® TU/mL). 
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Packaging Cell System for Lentivirus Vectors 
Preparation and Use 
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1. Introduction 

Packaging systems based on human immunodeficiency virus type 1 (HIV- 
1) can be used to transfer genes (both ex vivo and in vivo in experimental 
animals), with high efficiency into a wide variety of cell types including nondi¬ 
viding and terminally differentiated cells such as muscle and neuronal cells (1- 
6). In this chapter, I begin with an overview of HIV-1 structure, genetics, and 
replication cycle, emphasizing those features essential for the creation of pack¬ 
aging systems based on HIV-1. Next, I describe the plasmid constructs for 
preparation of HIV-1 vector stocks, including some recent advances in the 
design of helper and gene transfer vectors. Finally, a detailed protocol for gen¬ 
eration and testing of vectors is provided. Although HIV-1 is used as a proto¬ 
type for other lentiviruses and there are many similarities between different 
viruses, there are also significant differences. The extensive knowledge base 
of HIV-1-based gene transfer systems can be readily adapted to develop gene 
transfer vectors based onother lentiviruses such as feline immunodeficiency 
virus (FIV; see Chapter 23). These other lentivirus vectors are likely to share 
many of the advantages of HIV-1 vectors. Because of space limitations, com¬ 
parisons with other lentiviruses that highlight similarities or differences are not 
given. I recommend the excellent treatise on retroviruses (6a) edited by J.M. 
Coffin, S.H. Hughes, and H.E. Varmus (CSHL,1997) for this purpose and to 
support many of the statements made in this introduction. 
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Fig. 1. Schematic representation of HIV-1 provirus (top) and a typical lentivirus 
packaging system consisting of a packaging plasmid, a gene transfer vector, and an 
envelope expression plasmid. Only relevant portions of the various constructs are 
shown. LTR, long terminal repeat; RRE, Rev responsive element. 


1.1. HIV-1 Structure and Genetics 

The RNA genome of HIV-1 is about 9.7 kb in size. The reverse-transcribed 
and integrated form of the HIV-1 genome is called the provirus. The organiza¬ 
tion of the HIV-1 provirus is shown in Figure 1. Like other retroviruses, the 
provirus contains the long terminal repeat (LTR) elements at both the 5' and 3' 
ends of the provirus. Each LTR contains U3 (unique 3), R (repeat), and U5 
(unique 5) regions. The U3 contains promoter and enhancer elements, and the 
R region contains the sequence for trans-acting response (TAR) element and 
signals for polyadenylation. The 5' end of U3 and the 3' end of U5 also contain 
sequences for recognition by the viral integrase protein to bring about recom¬ 
bination between the virus cDNA and the host chromosomal DNA. Between 
the two LTRs are coding regions for viral structural and regulatory proteins. 
Simple retroviruses have coding sequences for only three genes: gag,pol, and 
env. Complex retroviruses such as HIV contain coding sequences for at least 
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six additional proteins: two regulatory proteins (Tat and Rev) and four acces¬ 
sory proteins (Vif, Vpr, Vpu, and Nef). Transcription begins at the first nucle¬ 
otide of R in the 5' LTR and terminates at the last nucleotide of 3' R. 
Termination may not be very efficient and may proceed through to cellular 
flanking sequences. The various structural and regulatory proteins are synthe¬ 
sized from either full-length (Gag and Gag-Pol), partially spliced (e.g., Env 
and Vpu), or fully spliced messages (e.g., Tat, Rev, and Nef). 

1.2. Virion Structurai Proteins 

HIV-1, like other retroviruses, is an enveloped virus that contains two cop¬ 
ies of a positive or message sense RNA genome within a cone-shaped core. 
Gag and Gag-Pol are polyproteins that contribute to most of the internal pro¬ 
teins of the virion. Upon proteolytic cleavage by the viral protease, the Gag 
polyprotein is split into the matrix (pi7), capsid (p24), nucleocapsid (p7), and 
p6 protein. Upon cleavage, the Pol region of the Gag-Pol precursor yields 
protease, reverse transcriptase (RT), and integrase proteins (IN). The viral pro¬ 
tease is released by autoproteolytic cleavage from the Gag-Pol precursor and 
then acts on the other cleavage sites in the Gag and Gag-Pol proteins. Except 
for the pl7 or matrix protein that lines the inner aspect of the virus envelope, 
the other proteins conglomerate around the RNA genome to form the virion 
core. Vif, Vpr, and Nef are other proteins that are encapsulated in the virion. 
Although it was previously believed that Vif was packaged into virions by a 
nonspecific mechanism, recent evidence seems to indicate that Vif is incorpo¬ 
rated into virions via its interaction with the genomic RNA (6b). 

The lipid envelope of the virion contains the transmembrane (TM) and sur¬ 
face (SU) glycoproteins gp41 and gp 120, which are coded for in the env region. 
The SU glycoprotein is noncovalently attached to the TM protein and contains 
the binding sites for the CD4 receptor and the chemokine coreceptors such as 
CCR5 or CXCR4 depending on whether the virus is macrophage or T-cell 
tropic, respectively. The SU protein effects binding of the virion to target cells, 
whereas fusion of virion and target cell membrane is accomplished by the TM 
protein. The HIV-1 envelope glycoproteins can be replaced with envelope gly¬ 
coproteins from other viruses such as Moloney murine leukemia virus (MMEV) 
or the vesicular stomatitis virus G (VSV-G) glycoprotein. This enables us to 
prepare virus stocks that can infect a wide variety of cells that do not bear 
either CD4 or the chemokine coreceptors. 

1.3. Lentivirus Life Cycie 

Following binding of the virus particle to the cell surface receptor(s), fusion 
of virion and plasma membrane of the target cell ensues. This results in depo¬ 
sition of the capsid together with the RNA genome into the cytoplasm of the 
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target cell. The reverse transcriptase then converts the genomic RNA into a 
double-stranded cDNA by a complicated procedure that involves the use of a 
cellular t-RNA primer that is packaged together with the genomic RNA in the 
virion and multiple jumps from one end of the molecule to the other. The 
reverse transcription process recreates a functional promoter at the 5' end of 
the provirus (6a). Following reverse transcription, the cDNA is transported 
through the nuclear pore into the nucleus. Recent studies have shown that dur¬ 
ing reverse transcription, a central DNA flap is created due to the presence of a 
central polypurine tract (cPPT) and central termination sequence (CTS) within 
the Pol coding sequence (7,8). The creation of this unique triple-stranded DNA 
region appears to be important for the nuclear import of preintegration com¬ 
plex (PIC), in both dividing and nondividing cells (7,9). Recent vector designs 
have, therefore, incorporated the cis signals (cPPT and CTS) for the creation of 
this central DNA flap and thereby allow more efficient nuclear import of vec¬ 
tor genome. 

The viral matrix (pi7), integrase, and Vpr proteins have also been impli¬ 
cated in the nuclear import of PICs in nondividing cells (10-14). Although 
both p 17 and integrase have nuclear localization domains, there is some con¬ 
troversy regarding their roles in the nuclear import of PICs (15-17). Once the 
cDNA is imported, the viral integrase functions to insert the cDNA into the 
host-cell chromosome at a site that appears to be chosen in a random fashion. 
Upon activation of the infected cell, full-length messages are transcribed from 
the viral LTR that undergoes splicing to yield messages that code for synthesis 
of Tat, Rev, and Nef proteins. Tat and Rev enter the nucleus to increase gene 
expression from the viral LTR and effect nucleocytoplasmic transport of full- 
length and partially spliced messages, respectively, as described below. The 
viral structural proteins, the full-length RNA genome, and the t-RNA primer 
come together at the plasma membrane of the cell decorated with the envelope 
glycoprotein to assemble into a virus particle. 

1.4. HIV-1 Accessory and Regulatory Proteins 

1.4.1. Tat 

The Tat protein is a transcriptional activator that enhances transcription from 
the viral LTR promoter and also increases the processivity of the RNA PolII 
transcription machinery, ensuring abundant amounts of full-length genomic 
message (18-20). The Tat protein achieves this by binding to the TAR element 
present at the 5' end of the newly synthesized RNA. Tat binds to a bulge in this 
stem loop of TAR and recruits cellular proteins to TAR (and thereby the viral 
LTR promoter). The host proteins recruited include the positive transcription 
elongation factor b (P-TEFb) and Tat-associated kinase complexes, which con- 
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sist of, among other protein subunits, cyclin-Tl and the cyclin-dependent 
kinase CDK9. This complex phosphorylates the C-terminal domain of RNA 
polymerase II and increases its processivity. Tat has also been shown to recruit 
histone acetyltransferases (HAT) p300 and p300 CREB binding protein asso¬ 
ciated factor (p/CAF) to the viral promoter (21-23). The HAT proteins appear 
to be essential for optimal transcriptional activation of the viral promoter in the 
context of integrated vector but not in transient transfection assays. Tat is re¬ 
quired in HIV-1-based packaging systems to ensure that adequate amounts of 
the gene transfer vector RNA are synthesized for encapsidation into the virus 
particles (24,25). Replacement of HIV enhancer and promoter elements within 
the U3 of the 5' LTR with elements from other promoters overcomes this re¬ 
quirement for Tat protein and allows one to create Tat-independent gene trans¬ 
fer vectors {see Subheading 1.6.2.3) (25,26). 

1.4.2. Rev 

The Rev protein binds to a target sequence within the envelope coding re¬ 
gion referred to as the Rev responsive element (RRE). Rev recruits the nuclear 
export factors Crml to RRE to bring about the transport of intron-containing 
messages (i.e., partially spliced and unspliced messages such as those coding 
for Gag and Pol proteins or the Env glycoprotein) into the cytoplasm (27-29). 
Without Rev, there is, therefore, no synthesis of these essential structural pro¬ 
teins, resulting in a nonreplicating virus. Thus, Rev is an attractive target for 
control of HIV-1 replication. Rev and RRE are required for expression of HIV- 
1 subgenomic messages such as those used in the expression of viral Gag and 
Gag-Pol proteins in packaging or helper constructs (24,30). The RRE is also 
part of the gene transfer vector in most of the HIV-1 vector constructs reported 
to date. The RRE sequence is required to ensure efficient transport of the vec¬ 
tor RNA into the cytoplasm in the presence of Rev, which allows encapsidation 
of the RNA into the assembling virion (24,31-33). 

1.4.3. Nef 

The Nef protein is synthesized early after infection together with Tat and 
Rev and has pleiotropic effects. Nef has been shown to downmodulate cell 
surface expression of CD4 by inducing endocytosis, resulting in the degrada¬ 
tion of this molecule in lysosomes (34-37). Since Nef is believed to an impor¬ 
tant contributor in the pathogenicity of AIDS by HIV (38), it may be prudent to 
remove this from HIV-based packaging systems in spite of its known positive 
effect on increasing the efficiency of reverse transcription during viral entry 
(39,40). Fortunately, this effect of Nef is restricted to certain types of envelope 
glycoproteins used for pseudotyping HIV vectors. For instance, Nef increases 
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infectivity of virions pseudotyped with HIV-1 or amphotropic MMLV enve¬ 
lopes but not those pseudotyped with VSV-G (41,42). Nef can, therefore, be 
eliminated from packaging systems that employ VSV-G to pseudotype vec¬ 
tors. 

1.4.4. Vpr 

Vpr is another protein with pleiotropic effects. It can cause cells to arrest in 
the G2 phase of the cell cycle (43-46). Cell-cycle arrest in G2 results in a 
modest increase in transcriptional output from the viral LTR promoter (46). 
Vpr has also been shown to be essential for importation of PIC into the nucleus 
of macrophages (14,47-49). Vpr is packaged into the virion at a ratio of one 
Vpr molecule to seven capsid protein (p24) monomers (50). Vpr is recruited 
into the virus particle through its interaction with the p6 region of the Gag 
molecule (51,52). When concentrated stocks of HIV-1 vector stocks are used 
in gene transfer experiments, Vpr delivered by the virus particles can result in 
apoptosis of target cells (53-55). So the advantages of using Vpr for nuclear 
import of PICs in some types of cells must be weighed against its propensity to 
cause apoptosis. 

1.4.5. VifandVpu 

Vif has been shown to increase infectivity of virions produced in certain 
human T-cell lines (56,57). Vif appears to affect events after binding and 
fusion, during either uncoating or RT (58). Vpu has been shown to increase 
virion export in human cells but not in cell lines of simian origin (59). In spite 
of these known functions of Vif and Vpu, it appears that one can safely elimi¬ 
nate these proteins for preparation of high-titer virus stocks when using 293T 
cells (see below). 

1.5. Constitutive Transport Eiement (CTE) 

Simpler retroviruses, such as the Mason-Pfizer monkey virus (MPMV), a 
type D retrovirus, utilize a structured RNA element that does not require the 
coexpression of a viral protein to achieve the transport of unspliced or intron- 
containing messages from the nucleus to the cytoplasm (60,61). These ele¬ 
ments have been dubbed constitutive transport elements (CTEs). The CTE has 
been shown to substitute for Rev-RRE function not only in the context of the 
HIV-1 provirus (62,63) but also in subgenomic constructs used for the expres¬ 
sion of viral helper proteins or gene transfer vector RNAs (24,32,33,64,65). In 
fact, packaging systems that completely lack Rev have been described (24,32), 
although these systems seem to perform a little less efficiently than the classi¬ 
cal Rev-RRE system for production of lentivirus vector stocks. Further refine¬ 
ments in the use of these alternative transport elements from other viruses may 
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Fig. 2. Schematic representation of packaging plasmids. The packaging plasmid 
regulated by MPMV-CTE/pA signal (bottom) also expresses a functional single-exon 
or 72-amino acid Tat protein (Tat72) (33). LTR, long terminal repeat; RRE, Rev re¬ 
sponsive element; MPMV-CTE, Mason-Pfizer monkey virus/constitutive transport 
element. 


allow enhanced titers and increased gene expression in transduced target cells. 
Rev-independent packaging systems may be useful for delivery of dominant¬ 
negative Rev genes into HIV-1 susceptible cells to effect a type of “intracellu¬ 
lar immunization” against HIV-1 infection (65). 

1.6. Lentivirus Packaging Systems 

A typical lentivirus packaging system (Fig. 1) consists of three components: 
T) helper or packaging plasmids that encode for essential virus structural and 
regulatory proteins (with the exception of the envelope glycoprotein); 2) a plas¬ 
mid that expresses an envelope glycoprotein from an unrelated virus such as 
the amphotropic MMLV or VSV-G glycoprotein; and 3) a gene transfer vector. 

1.6.1. Packaging or Helper Constructs 

1.6.1.1. First Generation Packaging/Helper Plasmid 

Early versions of packaging plasmids (Fig. 2) encoded most viral structural 
and regulatory proteins with the exception of the envelope glycoprotein (5,66- 
68). A deletion within the 5' untranslated region upstream of gag and within 
the encapsidation signal was engineered to reduce the efficiency of incorpora¬ 
tion of the helper RNA and thereby prevent recombination between vector and 
helper RNA molecules. The viral LTR promoter was replaced with a heterolo¬ 
gous promoter such as the cytomegalovirus immediate early promoter. The 
















282 


Srinivasakumar 


downstream or 3' LTR was replaced with a heterologous polyadenylation sig¬ 
nal (e.g., from SV40 or the insulin gene or another gene). A deletion or muta¬ 
tion within Env ensured that no envelope glycoprotein was synthesized. The 
helper plasmid still expressed all other regulatory and accessory proteins of 
HIV-1. 


1.6.1.2. Second-Generation Packaging Plasmid without Coding Regions 
FOR ViF, Vpr, or Vpu 

More recent versions of packaging plasmids have further deletions and 
modifications to eliminate Vif, Vpr, and Vpu expression altogether (Fig. 2) or 
in various combinations (1,5,6,26,33). These helper constructs thus lack many 
of the accessory proteins that may be involved in HIV-1 pathogenicity and 
may render the packaging system safer. The goal of creating these minimal 
constructs is to design helper constructs that express only those genes that are 
essential for gene transfer into a wide variety of cells at high efficiency. 

1.6.1.3. Third-Generation Packaging Plasmid Using Segregation 
OF Gag/Gag-Pol and Rev Functions 

For expression of the HIV-1 Gag and Gag-Pol proteins, normally one needs 
to insert the RRE downstream of the coding sequence and also express viral 
Rev protein, which allows the gag/pol message to be transported into the cyto¬ 
plasm for translation. Early versions of the packaging plasmids contained the 
RRE and also expressed Rev. To further enhance safety, packaging systems 
have been devised in which the HIV-1 gagipol and rev sequences have been 
segregated into separate plasmids (24,25). Tat has also been eliminated from 
this sytem by using Tat-independent gene transfer vectors {see Subheading 

1.6.2.3. ) Such a packaging system uses four plasmids for the creation of vector 
stocks instead of three. This increases the safety of the system by further de¬ 
creasing the probability of recombination between the different helper plas¬ 
mids and the gene transfer vector to recreate a replication-competent virus 
because multiple recombination steps need to occur to recreate a functional 
retrovirus. 

1.6.1.4. Recent Modifications to Packaging Plasmids 

1.6.1.4.1. Segregation of Gag and Pol Coding Regions. A recent novel 
modification to the packaging system involves a clever approach toward sepa¬ 
rating Gag and Pol coding regions (69). The Gag-Protease proteins are ex¬ 
pressed using one construct. The Pol proteins (RT and IN) are expressed as a 
Vpr-RT-IN fusion protein. The Vpr-RT-IN fusion protein is drawn into the 
assembling virus particle through the interaction between the Vpr and the p6 
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Fig. 3. Schematic representation of a gene transfer vector based on HIV-1 and 
modifications to improve safety and expression (see text for details). LTR, long termi¬ 
nal repeat; RRE, Rev responsive element; CTE, constitutive transport element; CPPT/ 
CTS, central polypurine tract/central termination sequence; PIC, preintegration com¬ 
plex; SIN, self-inactivating; WPRE, woodchuck posttranslational regulatory element. 


protein present in the C terminus of the Gag polyprotein. This approaeh appears 
to provide a higher margin of safety in lentivirus paekaging system and consid¬ 
erably reduces the frequency of recombination between the packaging plas¬ 
mids and the gene transfer vector. 

1.6.1.4.2. Rev-Independent Packaging Plasmids. As alluded to earlier, the 
dependence of gag/pol expression on RRE and Rev can be eliminated by using 
CTEs from other viruses (Fig. 2) (24,26,32,33,64,65,68). Studies have indi¬ 
cated that CTEs function better if they are positioned toward the 3' end of the 
expression cassette (70,71). Also, one recent study showed that multiple cop¬ 
ies of CTE may be better than single copies of the element for obtaining high 
levels of gagipol expression (70). Such constructs showed gene expression 
levels exceeding those based on Rev and RRE. 

1.6.2. Gene Transfer Vectors 

The ideal gene transfer vector will lack all viral protein coding sequences 
and have a capacity for large transgenes. It should possess, in addition to the 
transgene expression cassette, all cA-acting sequences for efficient packaging, 
nucleocytoplasmic transport, reverse transcription, and integration of the vec¬ 
tor RNA. It is believed that HIV-1 vectors can deliver a transgene expression 
cassette of approximately 8-11 kb in length. 
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1.6.2.1. First-Generation Gene Transfer Vectors 

The first-generation vectors (Fig. 3) carried a deletion between the middle 
of the gag coding region and well into the env coding region, thereby essen¬ 
tially eliminating all viral coding regions (67). It may not be possible to elimi¬ 
nate gag sequences completely because the sequence at the beginning of the 
gag has been shown to contain elements that can increase packaging efficiency 
of the vector RNA (72-77). A frame shift mutation or stop codon inserted 
within the gag reading frame can ensure premature termination of translation. 
The vectors also contain the RRE between the major 5' splice donor site and 
the 3' tat!rev splice acceptor site. The transgene expression cassette is usually 
positioned between the BamHi site within the second coding exon of rev and 
the Xhol site within nef, effectively shutting out Nef expression. Polyadenyl- 
ation of the RNA (including that derived from the internal promoter) occurs 
using signals present in the 3'U3 and R sequences within the LTR. The most 
common internal promoter enhancer elements used in HIV-1 vectors are those 
derived from the cytomegalovirus immediate early gene and the cellular 
phosphoglycerokinase promoter from mouse or human. It is believed that one 
may be able to replace these promoters with other tissue-specific or regulatable 
ones. 

1.6.2.2. Rev-Independent HIV-1 Vectors 

The requirement of Rev for expression of vector RNA containing RRE can 
be eliminated by using the CTE downstream of the transgene expression cas¬ 
sette (Fig. 3) (24,32,33,64). Vectors containing the CTE can be used to create 
a Rev-independent packaging system for delivery of transdominant negative 
Rev (65). 

1.6.2.3. Tat-Independent HIV-1 Vectors 

The first-generation HIV-1 vectors required Tat to obtain optimal titers, 
since expression from the viral ETR promoter requires coexpression of Tat. To 
overcome this, hybrid promoters that use enhancer elements from other viruses, 
instead of those present in the U3 of HIV-1, have been created (Fig. 3) (25,26). 
These vectors appear to be nearly as efficient in terms of vector titer as the 
original Tat-dependent vectors that contained the wild type HIV-1 ETR. 
Although there is a report showing that Tat, in addition to its effect on tran¬ 
scription from the viral ETR, can also effect the efficiency of reverse transcrip¬ 
tion (78), studies using HIV-1 vectors have not revealed this requirement 
(25,26,33). 

1.6.2.4. Modifications to Vector to Improve Safety and Efficacy 

Figure 3 shows various modifications to lentivirus vectors to improve effi¬ 
cacy and safety. 
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1.6.2.4.1. Self-Inactivating HIV-1 Vectors. It has been shown that most 
of the U3 region of the 3' LTR can be safely deleted without compromising 
vector titer (79,80). Such a deletion ensures that transcription from the 5' LTR 
promoter is efficiently suppressed following reverse transcription and integra¬ 
tion into the target cell chromosome. Another advantage of using vectors with 
deletions in the U3 region is the enhanced transgene expression noted from the 
internal promoters in such vectors (79). This is probably because of a decrease 
in promoter competition between the viral LTR and the internal promoter. 

1.6.2.4.2. Addition of Posttranscriptional Regulatory Elements from 
Woodchuck Hepatitis Virus. Hepatitis B viruses contain cA-acting elements 
that can substitute for Rev and RRE function in HIV-1 subgenomic constructs 
(81-83). Experiments have revealed that addition of a 600 bp posttranscrip¬ 
tional regulatory element from woodchuck hepatitis virus (WERE) in retroviral 
and lentiviral vectors downstream of the transgene can increase expression by 
five to eightfold (Fig. 3) (84). 

1.6.2.4.3. Addition of cPPT and CTS. Recent studies have demonstrated 
that a central DNA flap created during reverse transcription of lentivirus RNA 
is important in the nuclear importation of PICs (7,9) {see Subheading I.3.). 
The cA-acting sequences required for the creation of this central DNA flap, the 
cPPT and CTS, within the pol coding region, are being increasingly utilized in 
lentivirus vectors to improve virus titer in both dividing and nondividing cells. 

1.6.3. Envelope Glycoproteins Used for Pseudotyping Lentivirus Vectors 

The most popular envelope glycoprotein that has been used for pseudotyping 
lentivirus vectors is the VSV-G glycoprotein, which is quite stable under high 
centrifugation forces. This allows vectors pseudotyped with VSV-G to be 
readily concentrated by ultracentrifugation. In contrast to VSV-G, the 
amphotropic MMEV envelope pseudotyped vectors cannot be concentrated by 
ultracentrifugation without loss of titer. To concentrate vectors pseudotyped 
with amphotropic envelope, one has to use alternative methods based on ultra¬ 
filtration using molecular weight cutoff filters (further described under Sub¬ 
heading 3.2.2.). 

1.7. Packaging Systems 

Depending on the RNA transport element being used, one can design three 
types of packaging systems for production of HIV-1 vector stocks (Table 1) 
(33). The traditional or classical HIV-1 packaging system uses RRE and Rev 
for the expression of both helper and gene transfer vector RNAs. The second 
packaging system uses MPMV-CTE for expression of helper and gene transfer 
vector RNAs. The third type, called the combination or reciprocal packaging 
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Table 1 

Classification of Packaging Systems Based on RNA Transport Elements 
Used for Expression of Helper and Gene Transfer Vector RNAs^ 



RNA transport element in 


Packaging 

Helper 

Gene transfer 

Rev 

system 

plasmid 

vector 

requirement 

RRE/Rev 

RRE 

RRE 

Yes 

CTE 

CTE 

CTE 

No 

Reciprocal-1 

CTE 

RRE 

Yes 

Reciprocal-2 

RRE 

CTE 

Yes 


“ RRE, Rev responsive element; CTE, constitutive transport element. 


system, utilizes Rev/RRE for expression of one component of the packaging 
system and CTE for the other component (33,64). There are two regions of 
homology between the helper and gene transfer vector constructs. One is at the 
5' end of the gag coding region, and the other is the shared RRE or CTE toward 
the 3' end of the helper construct and the same element present within the gene 
transfer vector. Using dissimilar transport elements at the 3' end of the helper 
plasmid and the gene transfer vector in the combination packaging system may 
render the system safer by reducing the chance of replication-competent 
retrovirus (RCR) formation due to a recombination event. 

Taking this idea further, several investigators have resorted to decreasing 
the homology at the gag end of the helper and gene transfer vector constructs. 
One approach has been to “humanize” gag codons systematically in the helper 
plasmid (85). This not only reduces the homology in the gag region, it also 
renders gag expression Rev independent. Elimination of homology at the gag 
end and at the 3' end by removal of RRE in the helper plasmid makes this 
packaging system one of the safest described to date. An alternate approach to 
the same goal has been to use a helper construct derived from simian immuno¬ 
deficiency virus (SIV) (86) based on the observation that SIV can cross-pack¬ 
age ElIV-1 RNA (87). Elowever such packaging systems are still in their infancy 
and need to be developed further. 

1.8. Advantages and Disadvantages for Lentivirus Vectors 

Because of their ability to integrate into the host chromosome, lentivirus 
vectors, like oncoretroviral vectors and unlike many other gene transfer vec¬ 
tors, can transduce cells permanently. Thus they have the capability to effect 
long-term gene expression. Eentiviruses also have the advantage that they can 
transduce terminally differentiated and growth-arrested cells efficiently. 
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Oncoretroviral vectors, on the other hand, can only transduce growing cells 
(88-90). Because of the random nature of integration, lentiviruses have some 
of the same disadvantages as other retroviruses, such as the possibility of either 
inactivating cellular genes (e.g., tumor suppressor genes) or activating or caus¬ 
ing overexpression of other genes (e.g., oncogenes). Inadvertent activation of 
cellular genes, including oncogenes, can be avoided by using later generations 
of self-inactivating vectors, which are devoid of promoter and enhancer ele¬ 
ments in the viral 3' LTR (see above). It may be possible to overcome the 
drawback of random integration by redirecting PICs to specific regions of 
the host chromosome by fusing sequence-specific DNA binding domains to 
the viral integrase (91,92). 

Most investigators currently use a transient transfection approach to pro¬ 
duce vector stocks. A drawback of this procedure is that there may be a signifi¬ 
cant degree of rearrangement of the input DNAs. This can lead to 
contamination of vector stocks with defective vector genomes. To produce 
“clean” vector stocks, it may be preferable to derive well-characterized pack¬ 
aging cell lines. The major hurdle for the creation of packaging cell lines 
appears to be the toxicity of certain viral proteins. For instance, Vpr causes 
cells to arrest in the G2 phase of the cell cycle (43-45) and therefore would not 
be conducive for producing cell lines that express high levels of this protein. 
Likewise, the viral protease has been shown to also cleave cellular proteins, 
which could interfere with the establishment of cell lines that stably express 
viral Gag-Pol proteins (93,94). VSV-G protein expression is also toxic to cells. 
Although cell lines that constitutively express viral packaging proteins have 
been described (24,95,96), more recent approaches toward the creation of 
lentivirus packaging cell lines resort to the use of inducible or regulatable pro¬ 
moters to overcome potential toxic effects of viral proteins (66,97). The con¬ 
struction of packaging cell lines using regulated promoters is beyond the scope 
of this chapter and the interested reader is referred to recent articles (66,97) 
describing such cell lines. 

2. Materials 
2. 1. Cell Culture 

1. Adenovirus transformed human embryonic kidney cell line expressing SV40 T- 
antigen (293T cells). 293T cells can be obtained from American Type Culture 
Collection (Rockville, MD; ATCC cat. no. SD-3515). 

2. Phosphate-buffered saline (PBS) without divalent cations. 

3. Growth medium (DMEM/10% fetal bovine serum [FBS]). Dulbecco’s modified 
Eagle’s medium (DMEM) with 2 mm L-glutamine, 100 U/mL penicillin, 100 pg/ 
mL streptomycin, and 10% heat-inactivated FBS {see Note 1). 

4. Tissue culture flasks: 25 cm^ or larger. 
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2.2. Calcium Phosphate-Mediated Transfection 

1. Plasmid constructs: Production of vector stocks requires cotransfection of three 
or more plasmids, one or more packaging plasmids that provide helper function, 
a gene transfer vector, and an envelope glycoprotein-expressing plasmid. Vari¬ 
ous types of packaging constructs, gene transfer vectors and envelope expression 
constructs have been described above {see Note 2). 

2. HEPES-buffered saline (HeBS), 2x (50 mMHEPES, 10 mMKCl, 12 mM dex¬ 
trose, 280 niMNaCl, 1.5 mMNa 2 HP 04 , pH 7.05). To make 500 mL of stock 
buffer, add 5.96 g HEPES, 0.37 g KCl, 1.08 g dextrose, 8.18 g NaCl, and 5 mL 
150 mAfNa 2 HP 04 * 7 H 20 (20 g/500 mL of deionized distilled water). It is prudent 
to make several lots, adjusted to pH 7.05, since even slight differences in pH can 
have a dramatic effect on transfection efficiency. Filter through a 0.2-|iM filter 
and store in aliquots at -20°C. Test aliquots from each lot for transfection effi¬ 
ciency using a green fluorescent protein (GFP) reporter plasmid. Keep the lot 
that gives the highest transfection efficiency. Before use, warm to room tempera¬ 
ture and vortex to achieve uniform mixing. Prepare fresh lots every 6-12 months 
{see Note 3). 

3. 2.5 Mcalcium chloride (CaCl 2 ). Store in aliquots at -20°C. Before use, warm to 
room temperature and vortex to achieve uniform mixing. 

2.3. Concentration of Virus Stock 

1. Ultracentrifuge tubes (Beckman). Place inverted in racks, wrap with aluminum 
foil, and autoclave at 120°C for 15 min. 

2. Appropriate rotors and an ultracentrifuge. 

3. Centrifugal ultrafiltration devices. 100,000-kDa molecular weight cutoff filters 
(e.g., Centricon Plus-20 or Centricon Plus-80 from Millipore or Macrosep cen¬ 
trifugal concentrators from Pall Gelman). 

4. High-speed centrifuge. 

2.4. Titration of Virus Stock 

1. 6-well tissue culture plates. 

2. PBS with calcium and magnesium. 

3. Cell culture medium appropriate for cell line being used. 

4. Polybrene (hexadimethrine bromide) or DEAE-dextran. Make 1 mg/mL stock in 
PBS. Filter using 0.45-|am filter and store at 4°C. 

5. 4% paraformaldehyde. Add 4 g of paraformaldehyde to 85 mL of water. Warm to 
60°C in a water bath. Add a few drops of 2 MNaOH. Return to water bath and 
mix contents every few minutes. When paraformaldehyde is completely dis¬ 
solved, add 10 mL of lOx PBS. Adjust pH to 7.4-7.6. Filter through a 0.45 pm 
filter and store at 4°C. Use within 1 week of preparation. 

2.5. Detection of Replication-Competent Retrovirus (RCR) 

1. Materials for phlebotomy (tourniquet, sterile syringe with appropriate size needle, 
sterile gauze). 
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2. Heparin-containing tube (0.2 mL of 1000 U/mL) for collection of peripheral 
blood. 

3. Histopaque. 

4. Phytohemagglutinin (PHA; Sigma, cat. no. L8902). 

5. lnterleukin-2 (IL-2) (T-cell growth factor [TCGF]). 

6. RPMl-10: RPMI-1640 with 10% heat-inactivated FBS, 100 U/mL penicillin, 100 
pg/mL streptomycin, 0.05 pM 2-mercaptoethanol (2-ME). 

7. HIV-p24 antigen detection kit (NEN-Dupont or Zeptometrix or other manufac¬ 
turer). 

3. Methods 

3.1. Generation of Virus Stocks by Caicium Phosphate-Mediated 
Transient Transfection Method 

293T cells can be transfected to high efficiency and are preferred for pro¬ 
duction of virus stocks by the calcium phosphate-mediated transient transfec¬ 
tion method. The production of virus stocks requires the transfection of a helper 
plasmid(or plasmids) that expresses Gag, Gag-Pol, Tat, and Rev, a gene trans¬ 
fer vector encoding the transgene expression cassette, and an envelope glyco¬ 
protein expressing plasmid. Tat is required for expression of full-length gene 
transfer vector RNA, whereas Rev is required for the transport of this message 
into the cytoplasm for encapsidation by the Gag and Gag-Pol proteins into the 
virus particle. Packaging systems that do not require Tat or Rev protein for 
production of vector stocks have been described (see Subheading 1.6.1.3.) but 
are not in widespread use. It is important to use clean plasmid DNA for trans¬ 
fections (see Note 2). It is imperative that appropriate biosafety practices 
should be used while generating and using lentivirus vector stocks (see Note 3) 

1. Seed 2.5 x 10® 293T cells in each T25 flask in 4 mL of medium 1 day before 
transfection. This usually gives 60-80% confluency in 24 h. 

2. The next day, make up DNAs in 450 pL of water in a sterile microcentrifuge tube 
(2-mL capacity). 1 typically use 3.75 pg of packaging plasmid, 0.2 pg of VSV-G- 
expressing plasmid, and 7.5 pg of gene transfer vector for transfection of cells in 
a T25 flask. Add 50 pL of 2.5 MCaCl 2 . Mix well and add 500 pL of 2x HeBS, in 
drops, while bubbling air through the DNA/CaCl 2 mix. Bubbling can be carried 
out using a 1-mL sterile, cotton-plugged disposable plastic serologic pipet with 
the help of a pipet-aid. An EDP-Plus electronic pipet (Rainin) set in the “titrate” 
mode allows one to add the HeBS dropwise consistently between different 
samples. The procedure can be scaled up for larger size flasks (see Note 5). The 
amount of different DNAs to be used for transfection depends on many factors 
(see Note 6). 

3. Add the DNA/CaCl 2 solution to the cells within 1-2 min of preparation. 

4. Abundant fine granular precipitate is usually visible the next morning, both in the 
medium and around the cells. Replace with 4 mL fresh medium next morning. 
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Addition of chloroquine diphosphate or sodium butyrate can increase yields {see 
Note 7). 

5. Harvest the medium at approx 60-72 h post-transfection by centrifugation at 
1400g for 15 min at 4°C or by filtration through a 0.45-jam filter. One can get 
more mileage out of each transfection by harvesting and replacing medium every 
day for 3-4 days (see Note 8). 

3.2. Concentration of Virus 

The transient transfeetion method generally yields titers in the range of 10^- 
10® infectious units/mL. To obtain higher titers, one can concentrate the virus- 
containing supernatant either by ultracentrifugation or by ultrafrltration using 
molecular weight cutoff centrifugation filters. Vectors pseudotyped with most 
envelope glycoproteins can be concentrated using ultrafiltration but this method 
suffers from some drawbacks (see Note 9). Ultracentrifugation is the usual 
method for concentration of VSV-G pseudotyped vectors. 

3.2.1. Ultracentrifugation Method 

1. Clarify virus-containing supernatant from transfected cell cultures by either cen¬ 
trifugation at 1400g for 15 min at 4°C or by filtration through a 0.45-|aM filter. 

2. Centrifuge at 100,000g for 2 h at 4°C using an SW-41 or SW28 (Beckman) rotor 
depending on the volume of supernatant being concentrated. 

3. Carefully aspirate the supernatant and add l/50th to 1/lOOth vol of DMEM/10% 
FBS. Vortex for 15-20 s and keep on ice. Repeat vortexing 3 or 4 times an hour 
for about 2 h. 

4. Aliquot in 5-50-pL amounts and freeze at -80°C. 

3.2.2. Concentration by Ultrafiltration Using Centrifugal 
Concentration Devices 

See Note 9. 

1. Clear supernatant to be concentrated by filtration through 0.45-|am filters or by 
centrifugation at l,400g for 15 min at 4°C. 

2. Add cleared supernatant to the centrifugation filter devices with 100-KDa molec¬ 
ular weight cutoff filters. 

3. Spin at the manufacturer’s recommended speed for a duration that yields the de¬ 
sired concentration. 

4. Recover sample by simple decantation or by a reverse-spin procedure. 

5. Aliquot and freeze down at -80°C. 

3.3. Titration of Vectors 

Titration to detect the number of infectious units/mL in the virus stock con¬ 
sists of testing serial dilutions of the stock on appropriate target cells. The 
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method and time it takes to determine the titer depends on the particular marker 
gene encoded in the gene transfer vector. For example, vectors with GFP or 
luciferase marker can be harvested about 2-3 days postinfection. For vectors 
with drug-resistant markers (e.g., hygromycin phosphotransferase or neomy¬ 
cin phosphotransferase genes, it takes approximately 2 weeks for the drug- 
resistant colonies to form. 

1. Subculture cells to be infected (target cells) into 6-well plates. Seed 2x10^ cells/ 
well 1 day prior to virus infection. 

2. Make dilutions of virus stock in cell culture medium containing DEAE-dextran 
or Polybrene (8 pg/mL). 

3. Rinse wells twice with PBS containing calcium and magnesium to remove any 
floating cells. 

4. Add 1 mL of virus dilution from step 2 to each well. Alternatively, if testing only 
small amounts of vims stock (e.g., from concentrates), add virus directly to well 
containing 1 mL of medium with an appropriate amount of DEAE-dextran or 
Polybrene. 

4. Incubate plates at 37°C and 5% CO 2 . 

5. Next morning add 2 mL of complete medium to each well and continue incuba¬ 
tion at 37°C and 5% CO 2 depending on the marker gene present in the vector. 

6. For vectors encoding drug resistance markers (e.g., hygromycin or neomycin 
phosphotransferase genes), start selection 48 h postinfection by replacing medium 
with medium containing selection agent. Replace medium every 3-4 days with 
fresh medium containing selection agent. 

8. Fix cells after 12-14 days with 0.5% crystal violet in 50% methanol when no live 
or adherent cells are seen in control (uninfected) wells and colonies are of suffi¬ 
cient size in test wells. 

9. Enumerate colonies and estimate titer from amount or dilution used for infection. 

3.3.1. Fixing Cells for GFP-Encoding Vectors 

For GFP-encoding vectors, cells are typically harvested 48-72 h post-infec¬ 
tion. Titer determination using GFP reporter may be complicated by 
pseudotransduction {see Note 10). 

1. Rinse wells twice with PBS without calcium and magnesium (2 mL/wash). 

2. Add 0.3 mL trypsin to each well. 

3. Incubate for 5 min at 37°C. 

4. Neutralize trypsin by adding 2 mL cell culture medium with seram. 

5. Pipet up and down to break up clumps and transfer cells to a 15-mL conical tube. 

6. Wash out wells with additional 2 mL of medium or PBS and add to previous 
harvest in the 15-mL tube. 

7. Spin down cells at 200g at 4°C. 

8. Wash cells once with 4 mL of PBS. 
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9. Remove PBS and dislodge the cells by tapping the tube or running the tube on 
top of a test tube rack. 

10. Add 0.5-1 mL PBS with 4% paraformaldehyde (freshly prepared) dropwise while 
vortexing gently. 

11. Estimate percent positive for GFP by flow cytometry. GFP released from trans¬ 
duced can adsorb nonspecifically onto the surface of nontransduced cells. FIow- 
ever, the two populations can be usually distinguished by FACS analysis. 

3.4. Assays for Replication Competent Retrovirus (RCR) 

For obvious reasons, the chance of recreating a replication-competent FIIV 
is impossible when using heterologous envelope constructs during transfection 
of 293T cells. There is, however, a possibility of formation of a novel RCR as 
a result of recombination among packaging plasmid, gene transfer vector, and 
a heterologous envelope-expressing construct. To detect RCR capable of grow¬ 
ing in human peripheral blood mononuclear cells (PBMCs), an aliquot of con¬ 
centrated virus stocks is used for infection of PBMCs (see Subheading 3.4.1.). 
The transduced cells are maintained in culture for at least 2 weeks and periodi¬ 
cally monitored for the release of FIIV-1 p24 in the culture supernatant. 

3.4.1. Infection of PBMCs 

1. Draw 15 mL of blood into a syringe containing 0.2 mL of heparin (1000 U/mL). 
Dilute to 30 mL with PBS. 

2. Layer on 7.5 mL of Histopaque. 

3. Centrifuge at 500g for 30 min at room temperature. 

4. Remove top portion carefully with a 25-mL pipet. 

5. Remove interphase containing PBMCs with a pipet and transfer to a new tube. 

6. Dilute with 15 mL of PBS. 

7. Spin down cells at 500g for 5 min. 

8. Resuspend cells in 50 mL of PBS. 

9. Spin cells down once again. 

10. Repeat washes 2 more times (3 washes total). Count cells before final wash. 

11. Resuspend cells to a concentration of 2 x 10® cells/mL in RPMI-10 with 0.05 \iM 
2-ME and and 2 pg of PHA/mL. 

12. Incubate flask at 37°C, 5%C02 for 48 h. 

13. Spin down all mononuclear cells from flask at 550g for 5 min. 

14. Resuspend in RMPI-10 to give 4x10® cells/mL. 

15. Distribute 0.5 mL of cell suspension in each well of a 24-well plate. 

16. Add an aliquot of concentrated vims stock to each well. 

17. Add Polybrene in PBS to each well to give 8 pg/mL final concentration. 

18. Incubate cells at 37°C, 5% CO 2 . 

19. Next day, transfer mock and HIV-infected cultures to 15-mL screw-capped cen¬ 
trifuge tubes. 

20. Spin down cells at 500g for 5 min. 


Packaging Cell System for Lentivirus Vectors 


293 


2 1. Save supernatant for analysis of p24. 

22. Resuspend cells in RPMI-10 with 5% IL-2 and return to original wells. 

23. Repeat this procedure twice weekly for 14 days. 

24. Test all saved supernatants for HIV-1 p24 antigen using a commercial kit per the 
manufacturer’s instructions. 

3.4.2. Marker Rescue/Marker Mobilization Assay 

Gene transfer by retrovirus veetors to target cells is expected to be confined 
to one replicative cycle. That is, the supernatant from transduced cells should 
not contain vectors that can transfer the marker into naive target cells—unless 
the initial stock used for production of virus stock contains RCR. The marker 
rescue/mobilization assays are devised to detect such RCRs. One can increase 
the sensitivity of detection of RCRs by using target cells that already harbor a 
vector that encodes a drug resistance marker. 

1. Infect HeLa or other indicator cells with an aliquot of virus stock (approximately 
10% of the volume used in the gene transfer experiment may be a suitable vol¬ 
ume for detection of RCR). 

2. The next day split the cells at a ratio of 1:50. Add Polybrene to 2 pg/mL in the 
medium to aid the spread of any RCR that may be present. 

3. After 3^ days, when 50% confluent, change to medium without Polybrene. 

4. The following day harvest supernatant and clear by filtration through a 0.45-pm 
filter or by centrifugation at 1400g at 4°C for 15 min. 

5. Concentrate the supernatant by using molecular weight cutoff filters or by ultra¬ 
centrifugation {see Subheading 3.2.1.). 

6. Infect fresh cells with unconcentrated and concentrated supernatant and assay for 
marker (either by starting drug selection or by assaying otherwise for the marker). 

3.4.3. Assays for Partial Recombinants 

The first step toward the creation of RCR probably involves a recombina¬ 
tion event between the packaging plasmid and the gene transfer vector. Such a 
recombinant may be able to produce either Gag protein or one of the accessory 
or regulatory proteins such as Tat. A recombinant vector that contains a Tat 
coding sequence can be detected using cell lines that encode the (3-galactosi- 
dase gene under control of the HIV-1 LTR (see Note 11). Gag production can 
be monitored by assaying supernatants of transduced cell cultures for HIV-1 
p24 using commercial kits. 

4. Notes 

1. Maintain 293T cells in DMEM/10% FBS. Split cells at a ratio of approximately 
1:10 or 1:20 every 3-4 days. For a T225 flask, seeding at 2.5 x 10® cells should 
yield a near confluent monolayer in about 4 days. The cells should not be allowed 
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to overgrow. The cells are very sensitive to drying and readily detach from the 
surface even during rinsing procedures prior to trypsinization. Freeze down cells 
when in a low passage number in growth medium containing 10% dimethyl sul¬ 
foxide at a concentration of 5 x 10® cells per vial. After about 20 passages, recover 
fresh cells from the frozen stock. 

2. Plasmids used for transfection should be very clean. I use Qiagen columns for 
preparation of DNAs for transfection. 

3. Make fresh 2x HeBS every 6-12 months and freeze in aliquots. If no precipitate is 
seen the day following the transfection, it is likely that the pH is not optimal. 
Make a fresh batch of buffer. The easiest way to determine transfection efficiency 
is by using a GFP-expressing reporter plasmid. Transfection efficiency should be 
>50% as judged by fluorescence microscopy. 

4. Biosafety concerns. It is highly recommended that Centers for Disease Control 
(CDC)/National Institutes for Health (NIH) and institutional biosafety guidelines 
be followed for preparation and use of retroviral and lentivirus vectors. I currently 
use near BSL-3 practices in a BSL-2 laboratory. This involves, among other 
required safety practices, the disinfection of all materials that come in contact 
with virus with 10% bleach (made fresh daily) inside the biologic safety cabinet 
and bagging the potentially contaminated materials within the cabinet before 
bringing the material out for autoclaving and disposal. Details of how to set up a 
BSL-2 and BSL-3 laboratory should be available with your Institutional Biosafety 
Committee and are also available from the CDC and NIH (HHS Publication No. 
[CDC] 93-8395). 

5. I have successfully scaled up the protocol for transfection in T225 flasks without 
a diminution of virus yield. For these larger volumes of DNA/CaCl 2 and HeBS 
solutions, use appropriately larger size tubes for making the calcium phosphate- 
DNA precipitates (e.g., 50-mL sterile screw-capped tubes). 

6. The amount of various constructs to be used for transfection will obviously depend 
on expression levels obtained from each construct. This will vary from one con¬ 
struct to another depending on vector backbone and promoter/enhancer elements. 
Thus, for any new construct, the optimal amount to be used for transfection must 
be determined by a titration experiment to vary the different DNAs systemati¬ 
cally. 

7. Modest increases in virus yields can be achieved by using chloroquine diphos¬ 
phate and/or sodium butyrate. For treatment with chloroquine, prior to transfec¬ 
tion, remove medium and gently add fresh growth medium containing 25 pM of 
chloroquine. Replace medium after 10 h (7-12 h). For treatment with sodium 
butyrate, replace medium 1 day after transfection (approx 10 h later) with medium 
containing 10 mM sodium butyrate. Leave it on for 12 h and then change to 
medium without sodium butyrate. These modifications, either adding sodium 
butyrate alone or both chloroquine and sodium butyrate in the medium, in our 
hands, yielded about a twofold increase in virus titer. 

8. Virus-containing supernatant can be harvested daily for 3 or 4 days starting 24 h 
after the first medium change. Clear each harvest by centrifugation or filtration 
through 0.45-pM filters and store on ice in a covered Styrofoam container at 4°C 
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until all the harvests have accumulated. The virus in the pooled supernatant can be 
concentrated by ultracentrifugation or by ultrafdtration. 

9. Concentration of virus particles using molecular weight cutoff filters frequently 
concentrates inhibitors that reduce the titer of the preparation. The inhibitors are 
believed to consist of sulfated proteoglycans (98,99). Attempts have been made to 
remove these inhibitors using enzymes such as chondroitinase ABC, resulting in 
modest improvements in titer (98,100). 

10. Pseudotransduction is a type of protein or DNA delivery in the absence of bona 
fide infection (101—103). The marker protein or plasmid DNA is incorporated into 
the virion. Upon binding and fusion of the virus particles with target cell plasma 
membrane, the protein or DNA is then delivered to the cytoplasm. If sufficient 
quantity of protein or DNA is delivered, one may wrongly conclude that the target 
cells were expressing the protein as a result of authentic retrovirus infection pro¬ 
cess. Pseudotransduction has been observed with highly concentrated prepara¬ 
tions of VSV-G pseudotyped vectors. To distinguish between authentic and 
pseudotransduction, one can use azidothymidine (AZT), an inhibitor of HIV-1 
RT (32). The treatment of target cells with AZT (10 |aM/mL) will allow the virus 
particles to bind and fuse with the plasma membrane but should interfere with the 
reverse transcription of incoming virus RNA and thereby abort the infection pro¬ 
cess. Under these circumstances, pseudotransduction by protein or DNA delivery 
is still possible, but no true transduction can occur. As an alternative approach, 
investigators have used packaging plasmids that have a mutation in the viral 
integrase (102) to prevent integration of the reverse-transcribed genome into the 
host chromosome. In this situation, the GFP detected in the target cells may be 
attributable to transcription from unintegrated vector genome and not necessarily 
all from protein delivery. It has been observed that expression of GFP caused by 
pseudotransduction gradually decreases with time and is negligible after 5 days 
post infection. Thus it may be prudent to measure or enumerate GFP-expressing 
cells in the target cell population 5 or more days after infection. 

11. To detect partial recombinants that express Tat, many investigators have used 
target cells containing the 13-galactosidase reporter gene under control of the HIV- 
1 LTR. HeLa-CD4-LTR-B-Gal and MAGI-CCR5 are two such cell lines available 
from the NIH-AIDS Research and Reference Reagent Program. A detailed proto¬ 
col for staining cells for detection of B-galactosidase expression is provided with 
the cell lines. 
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Lentiviral Vectors 

Preparation and Use 

Lung-Ji Chang and Anne-Kathrin Zaiss 


1. Introduction 

Lentiviruses, such as human immunodeficiency virus (HIV), feline immu¬ 
nodeficiency virus (FIV), and equine infectious anemia virus (EIAV), are mem¬ 
bers of the Retroviridae, viruses with enveloped capsids and a plus-stranded 
RNA genome. Like all retroviruses, the RNA genome of lentivirus is converted 
to DNA by reverse transcription after infection and is subsequently stably inte¬ 
grated into the host cell genome. However, unlike other retroviruses, which 
mainly infect dividing cells, lentiviruses can infect both dividing and nondi¬ 
viding cells (1-3). Gene therapy viral vectors are produced by cotransfection 
of plasmids encoding viral envelopes, capsids, enzymes, and viral RNA. The 
specific tissue tropism of the lentiviral envelope restricts its use as a gene trans¬ 
fer vector. This limitation has been overcome by pseudotyping the viral enve¬ 
lope with vesicular stomatitis virus G (VSV-G) glycoprotein (4,5). The aim of 
this chapter is to describe the general procedures developed for the preparation 
and use of an HIV type 1 (HlV-l)-based lentiviral vector system. Detailed 
descriptions of lentiviral molecular biology can be found in several recent 
reviews (1,6,7). 

1.1. Lentiviral Genome Structure and Vector Elements 

Lentiviruses are classified as complex retroviruses because of the multiple 
regulatory steps involved in their life cycle. The lentivirus genome is a diploid, 
plus-stranded RNA that is reverse transcribed into DNA (called provirus) and 
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Fig. 1. Genomic structure of HIV- 1. Organization of HIV- 1 genes and essential 
genetic elements in the proviral DNA and viral RNA. The transcription of viral RNA 
starts from the 5' terminus of R. Viral proteins except for Gag-Pol are expressed from 
alternatively spliced viral RNAs using a list of 5' and 3' splice junctions (s.j.) as de¬ 
picted by solid arrowheads. 


integrated in the host cell chromosomes (Fig. 1). The proviral genome is com¬ 
prised of three conserved genes termed gag (group-specific antigen),/7o/ (poly¬ 
merase, reverse transcriptase), and env (envelope), which are flanked by 
elements called long terminal repeats (LTRs). LTRs contain the left and right 
integration attachment sites (att) and are required for integration into the host 
genome. The LTRs also serve as enhancer-promoter sequences, controlling 
expression of the viral genes. The LTRs (U3-R-U5) consist of untranslated 
regions (U), which contain the transcription start site, a polyadenylation sig¬ 
nal, and repeated sequences (R) important for reverse transcription. Other criti¬ 
cal elements in the viral genome include the packaging sequence (psi, V|/), which 
interacts with capsid proteins during packaging and allows the viral RNA to be 
distinguished from other RNAs in the host cells, and the primer binding site 
(PBS) and polypurine tract (PPT) adjacent to the 5' and 3' LTR, respectively, 
both of which are essential for reverse transcription. 

Once integrated, the proviral genome will synthesize a full-length viral tran¬ 
script using host RNA polymerase. The full-length viral transcript encodes the 
viral Gag-Pol polyprotein that provides the capsid and enzymes for reverse 
transcription (reverse transcriptase) and integration (integrase). The synthesis 
and nuclear export of the full-length viral RNA require the interaction of viral 
regulatory proteins with different cA-acting sequences in the viral RNA. All 
lentiviral regulatory and accessory proteins are encoded by variously spliced 
viral mRNAs that are generated from this full-length viral RNA using different 
5' and 3' splice site signals (Fig. 1). The two essential regulatory proteins. Tat 

















Recombinant HIV-1-derived Lentivirai Vectors 


305 


pHP (packaging helper construct) 





vif vpu 

pHEF-VSV-G (envelope expression construct) 


EF-la 


VSV-G 


SVpA| 


pCEP4-tat (transactivator) 
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Fig. 2. Plasmid constructs for the generation of HIV- 1 -derived lentivirai vectors. 
The HP/TV lentivirai vector system uses three basic vector constructs, pHP, pHEF- 
VSVG, and pTY in DNA cotransfections. An additional eukaryotic expression plas¬ 
mid, pCEP4-tat, can be included that increases vector titer two to fivefold (14). pHP 
expresses all viral proteins except for Env and Nef. pTY is a self-inactivating (SIN) 
transducing vector derived from pTV carrying necessary lentivirai packaging signals 
(\|/). Insert: Electron microscopic photograph of concentrated HP/TV vectors mixed 
with 142 nm latex beads (white particles). 


and Rev, are required for efficient Gag-Pol synthesis. Tat interacts with a 59-nt 
RNA structure, TAR, at the 5' end of the viral RNA and promotes transcrip¬ 
tional elongation. Rev facilitates nuclear export of unspliced and singly spliced 
viral RNA by interacting with Rev responsive element (RRE) and other cis- 
regulatory sequences (1). 

Although the accessory genes of HIV-1 have been shown to be dispensable 
for lentivirai vector function (8,9), their possible roles in transduction of dif¬ 
ferent types of cells have not been extensively studied. For example, there is 
evidence that the vpr gene is needed for efficient transduction of resting T- 
cells (10). 
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1.2. A Simple Lentiviral Vector System: Three Plasmids Plus 
a Human Cell Line 

The vector system described here is based on HIV-1 (see Chapters 19 and 
20). However, lentiviral vector systems based on simian immunodeficiency 
virus (SIV), FIV, and EIAV have also been established (11-13, and Chapters 
23 and 24). The production of HIV-1-derived lentiviral vectors requires human 
cell lines because many of the viral regulatory functions are human cell depen¬ 
dent. Lentiviral vectors can be produced by cotransfection of the three differ¬ 
ent plasmid constructs coding for Gag-Pol, VSV-G envelope, and the vector 
genome (Fig. 2). An ideal vector system will have these components estab¬ 
lished separately without overlapping sequences. The helper construct of the 
lentiviral vector system, pHP, contains a chimeric promoter that drives expres¬ 
sion of Gag-Pol. pHP has deletions in the 5' untranslated leader, env, nef, and 
the 3' LTR (14). Besides Gag-Pol, pHP also produces Tat, Rev, and other HIV- 
1 accessory proteins (Vif, Vpr, and Vpu) through RNA splicing. The compli¬ 
cated gene regulation scheme of lentivirus makes it difficult to express gag-pol 
independent of Tat, Rev, and cA-regulatory elements. Although Tat- and Rev- 
dependent lentiviral vectors have been generated, extensive testing of these 
vectors has not been reported. Several c/v-acting sequences are required for 
gag-pol expression and are located across the entire viral genome (15-18). The 
deletion of these sequences from the helper vector construct diminishes gag- 
pol expression. In addition, constitutive expression of HIV-1 Gag-Pol and other 
viral proteins has been shown to be toxic to cells (see ref. 19 and Chang, 
unpublished data). The problems associated with the synthesis of lentiviral 
Gag-Pol have slowed the development of a stable high-titer vector system. 

The transducing construct, pTV, which serves as a vehicle for foreign gene 
delivery, was derived from an LTR-modified recombinant HIV-1 plasmid (20). 
Lentiviral LTRs are transcriptionally silent without Tat. This means that the 5' 
LTR of pTV cannot be used as a functional promoter to drive foreign gene 
expression as commonly applied with the 5' LTR of MLV vectors. Neverthe¬ 
less, to improve safety, efficacy, and viral titer, a self-inactivating (SIN) 
lentiviral vector (pTY) has been generated with extensive deletions in 3' U3 
and U5, as well as insertion of a strong polyadenylation signal (21). In pTY, 
the gene of interest under control of its own enhancer/promoter should be in¬ 
serted downstream of RRE, which is needed for efficient genomic RNA ex¬ 
pression and packaging. The transducing constructs of lentiviruses require 
more than the conserved retroviral packaging signal (\|/) for efficient packag¬ 
ing. Sequences in TAR, gag, RRE, and env have all been reported to effect 
HIV-1 genome packaging (22-25). 

In addition to pHP and pTY, a VSV-G expression construct, pHEF-VSVG, 
is needed for the synthesis of the viral envelope. The construct pHEF-VSVG 
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uses a strong human elongation factor promoter to drive expression of VSV-G. 
Control of VSV-G levels may be necessary to reduce vector toxicity. 

1.3. Safety Issues Concerning Lentivirai Vectors 

Because lentiviruses are potentially lethal human pathogens, efforts must be 
made in the development of lentivirai vector systems to minimize the risk of 
replication-competent virus (RCV) production. This is best achieved by delet¬ 
ing or replacing viral sequences from the vector constructs. Sequences such as 
env, accessory genes, and most of the 3' U3 and U5 can be deleted without 
affecting vector function. 

Additional safety steps should be taken by constantly monitoring RCV pro¬ 
duction. Since lentivirai transducing vectors do not carry any viral genes, the 
expression of gag-pol would signal RCV production. The most sensitive assay 
for RCV detection is the polymerase chain reaction (PCR). PCR is very sensi¬ 
tive, but the results are easily confounded by the presence of plasmid DNA. 
Another simple and sensitive method for detecting RCV is to use 
immunostaining to detect Gag expression. For example, FIIV-1 Gag p24 
expression can be detected at the single-cell level using anti-p24 antibodies 
(14). Production of RCV of FIIV-1-derived vectors can also be monitored by 
coculturing with cell lines that are sensitive to infection and spread of the virus. 
Alternatively, culture supernatant can be assayed for HIV-1 reverse tran¬ 
scriptase (RT) activity (20). An active program of RCV monitoring should be 
established by all viral vector production facilities. 

1.4. Applications of Lentivirai Vectors: Problems 
and Possible Solutions 

1.4.1. Insertion and Expression of Foreign Genes 

A foreign promoter/gene cassette of up to 8-9 kb can be inserted into the 
transducing vector pTY. Our recent studies suggest that the pTY transducing 
vector does not contain silencing or destabilizing elements, which are found in 
conventional retroviral vectors that affect long-term gene expression (see refs. 
26 and 27 and Zaiss and Chang, unpublished data). The expression of lentivirai 
transgenes has been shown to be sustained in vitro and in vivo for over 6 months 
(14,28). 

1.4.2. Titer, Stabiiity, and Toxicity of Lentivirai Vectors 

The key to production of large quantities of lentivirai vectors is to increase 
the per cell production level of the vectors. With optimal transfection condi¬ 
tions, up to 10^ infectious units per mL, or approx 100 infectious units per cell 
can be produced in 24 h. For high-titer and scale-up production of lentivirai 
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vectors, a high-titer producer cell line needs to be developed that will also 
reduce the risk of RCV production. A few lentiviral producer cell lines based 
on the tetracycline inducible system have been reported, but their stability and 
consistency of long-term, high-titer production await further evaluation 
(29-31 and see Chapter 20). 

VSV-G pseudotyped vectors are sensitive to human serum, which may 
present some problems in future systemic in vivo lentiviral vector delivery 
(32,33). In addition to serum sensitivity, in vivo distribution of vector particles 
is also a rate-limiting step. These physical barriers may be overcome by modi¬ 
fications of lentiviral transduction protocols. 

The toxicity of lentiviral Gag-Pol (HP), VSV-G (env), or other viral pro¬ 
teins may affect both vector production and its use (see Subheading 1.4.3.). 
This problem might be confounded by the high defective particle ratios with 
the HIV-l-derived vectors, which are approx 346:1 (particle: infectious unit) 
with unconcentrated vector stocks and approx 18:1 with the concentrated vec¬ 
tor stocks (33). Improvement of the defective particle to infectious unit ratio 
may increase the efficiency of vector transduction and reduce toxicity. 

I. 4.3. In Vitro and In Vivo Use of Lentiviral Vectors 

In vivo lentiviral transduction of brain, eye, liver, and muscle tissues of mice 
or rats has been demonstrated (34-37). Although VSV-G pseudotyped 
lentiviral vectors have expanded host cell tropism, efficient transduction of 
different tissue targets remains cell type and growth state dependent. Cells of 
different vertebrate species (including chicken, mouse, rat, monkey, and 
human) and of different tissue origins and growth states (including neural cells, 
pancreatic islets, retina, muscles, macrophages, dendritic cells, fibroblasts, 
endothelial cells, activated T-cells, embryonic stem cells, and different tumor 
cell lines) have been successfully transduced with lentiviral vectors 
(11,14,36,38,39). However, efficient transduction of CD34 hematopoietic stem 
cells, nonproliferating hepatocytes, monocytes, resting T-cells, some primary 
tumor cultures, and mouse T-cells with the VSV-G pseudotyped lentiviral vec¬ 
tors has been limited or requires high multiplicity of infection (MOI) {see refs. 

II, 40-43 and Chang, unpublished data). Pseudotyping with chimeric or alter¬ 
native viral envelopes may overcome the entry barriers. Efficiency of trans¬ 
duction may also be improved by treating the target cells with growth factors. 
For example, transduction of primary resting T-cells has been successfully 
demonstrated by supplementing with cytokine interleukin (IL)-2, IL-4, IL-7, 
or IL-15 in the culture (41,44). 
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2. Materials 

2. 1. Cells and Culture Conditions 

1. 293, 293T-cells (transformed human primary embryonic kidney cells) and TE671 
cells (human rhabdomyosarcoma cells) can be obtained from American Type 
Culture Collection (ATCC), Rockville, MD. 

2. Cells are maintained in Dulbecco’s modified Eagle’s medium (DMEM; 
Mediatech) supplemented with 10% fetal bovine serum (FBS; Gibco BRL) and 
100 U/mL of penicillin-streptomycin (Gibco BRL). 

3. Stock cells are maintained in T75 flasks and split 1/6 every 3-4 days. These cells 
should not be overgrown at any time. 

4. 6-well tissue culture plates for transfection and 24-well plates for titration. 

2.2. Plasmids 

1. All plasmids used for transfection are purified by CsCl gradient centrifugation 
(see Note 1). 

2. The two expression plasmids, pHP and pHEF-VSVG, which encode HIV-1 struc¬ 
tural protein Gag-Pol and VSV-G envelope, respectively, provide necessary 
helper functions. The third plasmid, pTV or pTY (SIN vector), carries the 
transgene of interest (promoter plus the transgene open reading frame). A 
polylinker cloning vector, pTVlinker, or pTYlinker is available for easy insertion 
of foreign genes {see Note 2). 

3. To increase vector titer (up to fivefold), a fourth plasmid, pCEP4Tat, which pro¬ 
vides additional transactivation function, can be included in the DNA 
cotransfection. 

2.3. DNA Transfection 

It is important that all materials be sterile to prevent tissue eulture contami¬ 
nation. 

1. 6-well-tissue culture plates, T25 flasks, or other culture dishes. 

2. 15-mL polystyrene or polycarbonate but not polypropylene tubes. Polypropylene 
reduces the efficiency of DNA transfection. 

3. Sterile ddH20 (5ee Note 3). 

4. 2.5 M CaCl 2 (Mallinkrodt brand; see Note 4). 

5. 2x BBS (BES-buffered solution): 50 mM V,V-bis(2-hydroxyethyl)-2 
aminoethanesulfonic acid (BES; Calbiochem or Sigma), 280 mM NaCl, 1.5 vaM 
Na 2 HP 04 ; adjust the pH with 1 N NaOH to precisely 6.95. Filter the 2x BBS 
solution with a 0.45-|am filter and freeze in aliquots at -20°C {see Note 5). 

2.4. Viral Vector Harvesting and Concentration 

1. Sarstedt 1.5-mL sterile screw-cap tubes and 15- and 50-mL conical tubes. 

2. 0.45-pm, sterile-packed, low-protein-binding filters (Millex-HV, Millipore). 

3. Polyethylene glycol 8000 (PEG 8000), 50% stock in ddH20, autoclaved. 
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4. NaCl, 5 M stock, autoclaved. 

5. Microfuge (max. 20,000g) and bench top clinical centrifuge (max. 4100g). 

2.5. Lentiviral Vector Titration for LacZ Reporter 
Gene Expression 

1. 24-well tissue culture plates. 

2. Polybrene (Sigma), 10 mg/mL stock (lOOOx), filter sterilized. 

3. Phosphate-buffered saline (PBS). 

4. Fixation solution: 1% formaldehyde (0.27 |iL of 37.6% stock to make 10 mL), 
0.2% glutaraldehyde (Sigma, 80 |uL of 25% stock to make 10 mL) in PBS. 

5. X-gal-staining solution: 10 mL solution of PBS containing 4 mMK-ferrocyanide 
(100 |UL of 0.4 M stock), 4 mM K-ferricyanide (100 pL of 0.4 M stock), 2 vaM 
MgCl 2 (20 pL of 1 M), and 0.4 mg/mL X-gal (200 pL of 20 mg/mL stock in 
dimethyl formamide). Stock ferrocyanide, ferricyanide, and X-gal should be kept 
frozen and away from light {see Note 6). 

3. Methods 

3. 1. Generation of Recombinant Lentivirai Vectors 

Viral vectors are generated by cotransfection of three or four plasmids into 
293, 293T or TE671 cells (Fig. 3). TE671 cells are easier to handle because 
they attach to the culture dish better than 293 cells. All the following steps 
should be carried out in a biosafety hood. Eentiviral vectors should be handled 
using NIH BSE-2 safety guidelines. Extra caution should be taken if one is not 
familiar with the vector background and the monitoring procedures for RCV. 

3.1.1. Cell Preparation 

1. 17-20 h before transfection, seed each well of a 6-well plate with 7x10^ TE671 
cells in 2 mL DMEM. By the time of transfection, the culture should have reached 
95-100% confluency. (Cells can also be split in T25 flasks with 5 mL complete 
DMEM; see Note 7). 

2. The cells should be fed with fresh medium prior to adding the DNA. This can be 
done during DNA incubation time. 

3.1.2. DNA Transfection Using Calcium Phosphate 
Precipitation Method 

1. Wipe-clean a test tube rack and pipetmans with 70% ethanol. Prepare one poly¬ 
carbonate tube per vector sample. 

2. For each well of a 6-well plate, pipette sterile ddFl20 90 pL and 2.5 M CaCl 2 10 
pL into one tube, and mix by vortexing (see examples in Fig. 4). Add the follow¬ 
ing amount of DNA (2 pg/pL DNA stocks) to each tube: 15 pg pHP, 3 pg pFIEF- 
VSV-G, 8 pgpTV (orpTY), and an optional 0.5 pgpCEP4Tat. Optional: a control 
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pHP + pTY + pHEFVSV-G (+pCEP4tat) 



6-well plate with TE671 or 293 cells (100 % confluent) 


37 “C, 3 % COj 15-20 hr 


i 


Change medium, transfer to 5 % CO 2 
Harvest evay 12 h ^ 



Fig. 3. A simple flow chart depicting lentivirai vector production. The HP/TV vec¬ 
tor system uses three DNA constructs for cotransfection of TE671 cells in 6-well 
plates. 


plasmid can be included in the DNA mixture for monitoring transfection effi¬ 
ciency, for example, a GFP expression plasmid if the pTV construct does not 
express GFP. 

3. To the DNA solution for each well, add 100 juL of 2x BBS buffer at 2-3 drops 
each time with gentle shaking while adding the buffer. A fine precipitate will 
form immediately after mixing DNA with the BBS buffer (see Note 8). 

4. Incubate at room temperature (RT) for 5-45 min depending on the turbidity (pale 
white suspension) of the DNA solution. If the DNA precipitates form quickly 
and the solution looks very turbid, allow the solution to sit at RT for only 5-10 
min before adding it to the culture well. 

5. During DNA-calcium phosphate incubation, replace the culture medium with 2 
mL fresh medium {see Note 9). 

6. Add the DNA precipitate (200 pL/well) dropwise while swirling the plate with 
the other hand. If DNA is added too fast, the strong local pH changes may result 
in reduced transfection efficiency. 

7. Incubate the culture plates overnight at 37°C in a 3% CO 2 incubator, which fur¬ 
ther improves transfection efficiency. 
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Add: 

1. 270 Ml ddH20 

2. 30 Ml CaCl2 

mix 

3. DNA: 45 Mg pHP 

24 Mg pTV-”A” 
9 Mg VSV-G 
1.5 Mg pCEPtat 
6 Mg eGFP 

mix 

4. drop 300 m 1 BES 
Incubate RT 5-45 min 
(change medium) 
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B 
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Add: 

1. 180 Ml ddH20 

2. 20 Ml CaClj 
mix 

3. DNA; 30 Mg pHP 

16 Mg pTV-”B” 
6 Mg VSV-G 
1 Mg pCEPtat 
4 Mg eGFP 

mix 

4. drop 200 pi BES 
Incubate RT 5-45 man 
(change medium) 



Fig. 4. Examples of producing two different lentiviral vectors. The diagram shows 
the production of two different lentiviral vectors, A and B, scaled for 3-well and 2- 
well transfections, respectively, using a 6-well tissue culture plate. 


3.2. Viral Vector Harvesting and Concentration 

3.2.1. Harvesting Virus 

1. The next morning (15-20 h after DNA addition), remove the medium, wash the 
cells once with 1-2 mL medium if necessary, and add fresh medium (1-2 mL). 
At least 70-80% cells (up to 100%) should express the cotransfected green fluo¬ 
rescence protein (GFP), which can be monitored directly under an inverted fluo¬ 
rescent microscope. 

2. The virus is secreted into the medium. From this time point on (15-20 h after 
DNA addition), virus can be harvested every 12 h for 3-4 days by collecting the 
cell culture medium. The highest titer falls in between the second and the fifth 
harvest (see Note 10). 

3. For unconcentrated virus stocks, virus supernatant is filtered using a 0.45- or 
0.2-|am low-protein-binding filter to remove cell debris. Virus aliquots should be 
stored at -80°C until use (extended exposure to RT or repeated freezing and thaw¬ 
ing reduces the titer). The transfected cells normally produce lentiviral vectors 
with titers ranging from 10^ to 10® transducing units per milliliter of culture me¬ 
dium. 

4. For concentrated virus preparation, virus supernatant can be pooled and frozen at 
-80°C immediately after collection for later concentration use. 

3.2.2. Lentivirai Vector Concentration by Microfuge Centrifugation 

A small volume of lentiviral vectors can be concentrated 30-50-fold by a 
simple centrifugation protocol using a microcentrifuge. 

1. Filtered virus supernatant is transferred as a 1-mL aliquot into a 1.5-mL sterile 
screw-cap tube with one side marked with a marker (Sarstedt) (see Note 11). 

2. With the marked side facing out, spin the tube at 20,000g at 4°C in a microfuge 
for 2.5 h. 
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3. Carefully transfer the tubes to a biosafety hood and discard most of the superna¬ 
tant by pipeting, but leave behind approx 20-30 pL vol. 

4. Rigorously vortex each tube for 20 s and then vortex gently and continuously at 
4°C in a mixer or shaker for 2-4 h or overnight. 

5. The same vector sample should be pooled and realiquoted to avoid titer varia¬ 
tions among different tubes. The virus aliquots should be stored at -80°C. 

3.2.3. Concentration by PEG 8000 Precipitation 

For a large volume of virus concentration, we recommend the PEG 8000 
precipitation method. The protocol is quite gentle to lentivirus, and the recov¬ 
ery is close to 100%. The only drawback is the presence of a high concentra¬ 
tion of PEG in the final virus pellet, which may affect subsequent operations. 
Flowever, most tissue culture cells are not affected by the low volume of PEG 
in the concentrated virus stock. 

1. Centrifuge the collected virus supernatant at 2500g for 10 min to remove dead 
cell debris, filter the supernatant through a 0.45- or 0.2-|am low-protein-binding 
filter into a 50-mL conical tube, and keep on ice. 

2. To the virus supernatant, add 50% PEG 8000 to a final 5%, and leave on ice. 

3. To the virus-PEG sample, add 5 MNaCl to a final 0.15 M, and mix by inverting 
the tube several times. 

4. Incubate the virus and PEG mix on a rotating wheel at 4°C overnight. 

5. After overnight incubation, centrifuge the virus-PEG mix in a bench top clinical 
centrifuge at 4100g for 10 min. 

6. Discard the supernatant carefully so as not to disturb the white viras-PEG pellet. 

7. The virus pellet can be resuspended in any desired buffer at low volume (usually 
at 1/100 of the original sample volume). The pellet can be easily dissolved in 
PBS or any buffer solution by gently pipeting up-and-down. 

8. The virus stock can be stored at -80°C in small aliquots. 

3.3. Titration of Lentivirai Vectors Carrying a iacZ Reporter Gene 

The titration assay described below and in Fig. 5 determines the number of 
infectious units per mE of virus carrying the lacZ reporter gene. 

1. Split TE671 cells at 6 X 1 O'* cells/well in a 24-well plate (approx 90% confluent). 
Allow cells to attach to the plate (2-4 h to overnight). 

2. Mix different volumes of virus stock (usually 2-20 pL for virus with expected 
titer of 10^-10®/mL) with 200-300 pL growth media containing 4-8 pg/mL 
Polybrene. 

3. Add the diluted viras to each well and incubate the plate at 37°C in a 5% CO 2 
incubator overnight. 

4. The next morning, add 0.5 mL growth media to each well and incubate the plate 
for another 24 h. (Incubation time can be up to 48 h from the time the viras was 
added.) 
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Fig. 5. Titration of lentiviral vectors carrying a lacZ reporter gene. The diagram 
illustrates titer determination by using different dilutions of a concentrated lacZ re¬ 
porter vector stock on TE671 cells in a 24-well tissue culture plate. 


5. For lacZ enzyme assay, wash cells twice with PBS, and fix at room temperature 
with the fixative for exactly 5 min (300 pL/well). 

6. Wash cells 3 times with PBS, add 300 pL X-gal staining solution to each well, 
and incubate the plate at 37°C overnight (^ee Note 6). 

7. Determine virus titer by counting blue cells directly using an inverted micro¬ 
scope. 

4. Notes 

1. CsCl banding is necessary (45), because the quality of plasmid DNA is critical to 
transfection efficiency; purified DNA should be dissolved at 2 pg/pL in molecular 
biology grade ddH20 (BRL). 

2. pHP, pTYlinker, pTYEFnlacZ, pTYEFeGFP, pHEF-VSVG, and pCEP4tat are all 
available from the NIH AIDS Research and Reference Reagent Program (http:// 
www.aidsreagent.org/). pHP transformed bacteria should be grown at 30°C dur¬ 
ing plasmid amplification to prevent deletion. For the transducing vector con- 
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struct (pTY or pTV), an internal promoter is necessary, but a foreign 
polyadenylation signal should not be included. 

3. The quality of water is critical to transfection. Molecular grade ddH20 should be 
used for the preparation of all buffers, media, and DNA solutions. 

4. Many other brands of CaCl 2 do not work. 

5. The working stock of 2x BBS can be kept in room temperature, but the pH may 
change with time. Therefore, the DNA incubation time will need to be adjusted 
accordingly by monitoring the cloudiness of the DNA precipitates. 

6. The pH of the X-gal solution for B-galactosidase assay is critical if the cells have 
background enzyme activity, which can be prevented by adjusting the reaction pH 
using Tris-HCl buffer pH 8.0-8.5. 

7. A consistent high titer is usually obtained from 6-well plate transfections. 

8. The pH of BBS is critical to the transfection efficiency. If the DNA solution 
remains very clear or becomes very turbid immediately after adding 2x BBS, the 
transfection efficiency will be low. A slightly turbid mixture, which becomes more 
turbid with time, signals the success of DNA precipitation. 

9. To ensure optimal pH, use a fresh bottle of medium (less than 1 month old) made 
with high quality ddH20 as noted above (Note 3). 

10. For harvest at 12-h periods, feed cells with a low volume of medium (1 mL/well 
of 6-well plates) to enrich virus concentration. 

11. Mark one side of the tube and remove medium from the other side of the tube after 
centrifugation to avoid disturbing the virus pellet. 
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1. Introduction 

The life cycle of retroviruses involves stable integration of viral genetic 
material into the host genome; expression of viral genes is, in part, regulated 
by host cell factors ( 1 ). These features make retroviruses a widely used effi¬ 
cient means for introducing foreign DNA into the cell genome. Most retroviral 
vector systems used in clinical gene transfer are based on murine leukemia 
virus (MuLV) ( 2 , 3 ). MuLV replication is cell cycle dependent, and these vec¬ 
tors are inadequate to transduce nondividing and/or terminally differentiated 
cells stably, which severely restricts their potential utility for clinical gene 
transfer ( 4 - 6 ). In contrast, vectors based on the human immunodeficiency virus 
(HIV) can deliver genes into nondividing cells as efficiently as into proliferat¬ 
ing cells ( 7 , 8 ). HIV vectors, then, serve as vehicles to deliver a gene of interest 
into clinically important terminally differentiated, quiescent, and nondividing 
cells. The use of vectors derived from a pathogenic virus for human gene 
therapy, however, remains a major safety concern and health risk issue. 
Recently, it was shown that animal lentivirus vectors pseudotyped with vesicu¬ 
lar stomatitis virus envelope glycoprotein G (VSV-G) can transduce human 
cells, overcoming the restricted host tropism ( 9 ). These vectors deliver genes 
into nondividing cells as efficiently as HIV. However, the comparative safety 
and efficacy of vectors based on nonprimate lentiviruses in humans remain to 
be determined. 

Foamy viruses have several inherent features that make them an ideal alter¬ 
native vector system for human gene therapy. These viruses are distinct and 
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Gag Pol Env 



Fig. 1. Differential gene expression by SFV-1. Top: schematic representation of 
the genetic organization of SFV-1 provirus. +1 at the arrow represents transcription 
initiation sites by the internal promoter located at the 3' end of env and U3 promoter of 
the 5' LTR. The arrow indicates direction of transcription. Early transcripts are con¬ 
trolled by the internal promoter located at the end of env and late transcripts by the U3 
promoter. Tas is required for expression of the late transcripts. It is not clear whether 
there is a protein product is encoded by the orf-2 region. 


grouped into the Spumavirus genus of retroviruses. Foamy viruses are ubiqui¬ 
tous and are found in many mammalian species. The virus can be propagated 
efficiently in various cell types of several species (10). Cultured epithelial and 
fibroblast cells as well as lymphoid and neurally originating cells support the 
growth of foamy viruses. Each foamy virus isolate can infect several mamma¬ 
lian species, and virus has been recovered from many organs in these animals 
(11). To date, no disease has been attributed to foamy virus in naturally or 
experimentally infected animals (12-15). Flumans are not natural hosts of 
foamy virus infection and animal caretakers accidentally infected with simian 
foamy virus (SFV) remain healthy after more than 10 years of infection (16,17). 
Importantly, foamy virus vectors can deliver genes efficiently into nondivid¬ 
ing cells and human peripheral blood lymphocytes (18). This chapter describes 
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progress in vector development and practical aspects of foamy virus vector, 
focusing on the SFV-1 system. 

1.1. Genomic Structure of Foamy Virus 

Foamy viruses possess a complex genomic organization as well as a com¬ 
plex means of regulating gene expression. The genome of SFV-1 is 11,671 
nucleotides long and contains the structural genes gag,pro,pol, and env, which 
encode core proteins, protease, reverse transcriptase, integrase, and envelope 
protein, respectively (Fig. 1) (14,19). The long terminal repeat (LTR) of SFV- 
1 is 1621 nucleotides in length, which is unusually long for retroviruses. In 
addition to gag, prt, pol, and env, SFV-1 contains two open reading frames 
(ORFs) located at the 3' end of env. In contrast, the genome of the human 
foamy virus (HFV) contains three ORFs in the corresponding region (20,21). 
Other primate foamy viruses, as well as bovine, feline, and equine isolates, 
have two ORFs similar to SFV-1 (22-26). The first ORF encodes a transcrip¬ 
tional transactivator designated tas (transcriptional transactivator of 
spumavirus) that activates gene expression directed by the viral promoters 
(22,2 7-32). It remains controversial whether there is a protein product encoded 
by the ORF-2 region (33-37). A Bet protein, which is a product of a spliced 
message containing the first 88 amino acids of the Tas fused to the last 390 
amino acids of ORF-2, was found to be highly expressed in cytoplasm of foamy 
virus-infected cells (36,38-40). The function of bet has not been fully eluci¬ 
dated (37,41-43). 

1.2. Overview of Foamy Virus Life Cycie 

Foamy viruses share many features with other retroviruses. These viruses 
also have distinct characteristics that make them unique among retroviruses. 
Viral gene expression is temporally regulated and controlled by different pro¬ 
moters like DNA viruses (Fig. 1). Similar to other retroviruses, the U3 domain 
of the LTR contains a promoter element. In addition, foamy viruses contain a 
second promoter located at the 3' end of env upstream from the tas gene (39,44- 
46). Immediately after virus infection, the RNA genome is reverse transcribed 
into double-stranded DNA, which is then transported to the nucleus and inte¬ 
grates into the host genome. Viral gene expression commences with the inter¬ 
nal promoter directing the expression of genes located at the end of env 
including tas. Following initial expression, Tas feedback on the internal pro¬ 
moter further amplifies the expression of regulatory genes (39,45). Subse¬ 
quently, Tas acts on the LTR to express the virion structural genes {gag, prt, 
pol, and env). 

Newly synthesized viral genome and proteins assemble, and virus particles 
are formed by budding from the plasma membrane or mature inside the cell 
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within vacuoles. Gag precursor protein is produced from unspliced genomic 
transcripts and Env from a singly spliced subgenomic message. Similar to 
retroviruses with a complex genomic organization, multiple splicing events 
are required to generate messages that encode the ta5'-ORF-2 regions of foamy 
viruses (38). One feature common to all retroviruses that is not shared by the 
foamy viruses is that the Pol protein is not synthesized as a Gag-Pro-Pol pre¬ 
cursor polyprotein. Instead, the Pro-Pol gene product of foamy viruses is trans¬ 
lated from a spliced subgenomic message that lacks the Gag domain (47,48). 
Translation of the protease-polymerase products is initiated from an ATG ini¬ 
tiator codon located at the 5' end of the protease gene (49,50). Distinct from 
other retroviruses, a second reverse transcription can occur late in the foamy 
virus replication cycle prior to virion release (58,51,52). About 20% of foamy 
virus particles were shown to contain double-stranded DNA, suggesting that 
foamy viruses have a distinct replication pathway with features of both 
retroviruses and hepadnaviruses. DNA isolated from the virion was shown to 
be infectious implying that fully reverse-transcribed DNA can be incorporated 
into virus particles (52). Mutational analysis in foamy viruses revealed that the 
tas gene is essential for viral replication, whereas ORF-2 is dispensable 
(33,34,53). Therefore, in addition to the four basic genes (gag, prt, pol, and 
env) and cA-acting elements required for virus replication, the tas gene is criti¬ 
cal for foamy virus vector construction, but the ORF-2 region is dispensable. 

1.3. Development of Foamy Virus Vector 

The first foamy virus vector was constructed by replacing a portion of the 
ORF-2 region with a foreign gene (54). This vector is replication competent 
and is capable of transducing genes efficiently. Replication-defective foamy 
virus vectors have also been constructed by replacing the env gene and/or tas 
ORF-2 region with a marker gene (53,55-60). For these vectors, the env and 
tas gene products were supplied in trans to express the vector genome and 
produce packaged vector particles that can infect target cells. Titers ranging 
from 10^ to 10^ can easily be obtained with these foamy virus vectors. 

Traditional retroviral vectors with a minimal genome sequence contain the 
3' and the 5' FTRs, the cis packaging sequences, and the polypurine tract, which 
is required for the second DNA strand synthesis during reverse transcription of 
the RNA genome (2). Sequences important for packaging are usually located 
in the 5' leader region extending into the 5' end of the gag gene. The polypurine 
tract is mainly located upstream from the 3' FTR. A cA-acting element at the 3' 
end of the pol gene is critical for foamy vector-mediated gene transfer (58-60). 
The requirement of a second cA-acting element located in the pol gene for 
foamy virus vector is unique among retroviruses. Therefore, foamy virus vec¬ 
tor construction with minimal genome requires the 3' and the 5' FTRs, the 5' 
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leader region extending to the 5' gag, the c/i'-acting element in the pol gene, 
and the polypurine tract. Since the LTR depends on Tas for gene expression, 
the tas gene can be included in the vector or supplied in trans. 

Replacing the 5' U3 region of the LTR with the powerful cytomegalovirus 
(CMV) immediate early gene promoter can eliminate the need for Tas in foamy 
virus vector construction (61-64). In fact, in a number of retroviral vectors 
production of high-titer helper-free particles can be obtained utilizing the CMV 
promoter to drive the expression of both the packaging components and the 
vector genome (65-67). This system takes advantage of high-level 
transfectability and strong ElA-mediated stimulation of CMV-programmed 
transcription of the human embryonic kidney fibroblast-derived 293 cell line. 
The SFV-1 vector system, in which both the vector genome (pCV7-9) and the 
packaging plasmid (pCGPET) are placed under the control of CMV promoter, 
yields vector particles with titers up to 5 x lOVmE (63). One potential problem 
with retroviral vectors is generating replication-competent genome as a result 
of recombination between the vector and the packaging system. A foamy virus 
vector system that lacks the tas gene is restricted to one round of replication 
even if recombination occurs between the vector and packaging constructs. 
This feature makes foamy virus an ideal safe vector system for gene therapy. 

1.4. SFV-1 Vector System 

Several versions of the SFV-1 vector containing the lacZ gene are available 
that effectively transduce a variety of cells from different species (58,63). Vec¬ 
tor pCV7-9 (Fig. 2) is commonly used to test the efficiency of the SFV-1 vec¬ 
tor system. In pCV7-9, the vector genome is constitutively expressed from the 
CMV promoter. This vector contains SFV-I sequences from the beginning of 
the R to the end of the pol gene, the PPT, and the 3' FTR. To monitor for the 
efficiency of transduction, a lacZ gene under the control of CMV promoter is 
placed between the pol gene and PPT. Packaging plasmid (pCGPET) for SFV- 
1 vector is constructed by placing the structural genes gag, pol, env, and tas 
downstream from the CMV promoter (63). A splice donor of the 5' SFV-1 is 
provided between the CMV promoter and the gag gene in pCGPET. The SV40 
polyA signal sequence is supplied at the 3' end. Recombination between 
pCGPET and pCV7-9 could result in the production of wild-type virus. To 
restrict replication to one cycle in case of recombination, a mutation is intro¬ 
duced in the pCGPET, creating a Tas-defective packaging plasmid (pCGPEAT) 
(Fig. 2). A further modified SFV-1 packaging system is available in which the 
gag-pol and env viral coding regions are on separate expression plasmids (63). 
Although this packaging system significantly reduces the chances of generat¬ 
ing wild-type virus, there may be a decrease in vector production. Since Tas is 
critical for SFV-1 replication, the pCGPEAT packaging system solves the prob- 
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Fig. 2. SFV-1 vector and packaging constructs: SFV-1 provirus (A) and vector (B) 
and packaging (C) derivatives. CMV-lacZ is the coding sequence of the lacZ gene 
linked to the CMV immediate-early gene promoter. SD represents a synthetic DNA 
containing the 5' end of the SFV-1 splice donor cloned downstream from the CMV 
promoter. 


lems of potential reduction in vector production caused by placing the struc¬ 
tural genes in a separate plasmid and generating recombinant wild-type virus 
that spreads efficiently. 

1.5. Packaging Cell Lines 

Foamy viruses cause extensive cytopathology in cell culture. The cytopathic 
effect includes cell fusion, potentially mediated by the interaction of the env 
gene product and cell receptor. Establishing a packaging cell line for foamy 
virus vector in which sufficient amounts of viral proteins are synthesized for 
efficient vector production without toxicity to the cells can be a major obstacle 
in foamy virus vector development. Recently, two packaging cell lines were 
created for SFV-1 vector using the human kidney embryonic fibroblast-derived 
293 cell line: helper DNA is placed under the control of either a constitutive 
CMV immediate early gene or inducible tetracycline (tetO) promoter for 
expression (63). Transfection of pCV7-9 vector in the constitutive expressing 
and inducible cell lines produced SFV-1 vector particles with titers of 3.5 x 10^ 
and 1.1 X 10“^ per mL, respectively. This level of vector production is several 
fold lower compared with transient vector expression when packaging and vec¬ 
tor plasmids are cotransfected into 293T cells. Therefore, the 293T cell line 
will be an alternative for creating a packaging cell line that yields high-titer 
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vector particles. The availability of stable packaging cell lines would allow a 
scale-up of production of vector stocks for gene therapy. 

2. Materials 

2. 1. Cell Culture 

1. Human embryonic kidney fibroblast-derived 293T cells. Cells are passaged by 
splitting 1:10 every 3-4 days. 293T cells can be obtained from American Type 
Culture Collection (Rockville, MD). 

2. Fetal bovine serum (FBS). 

3. Dubelco’s modified Eagle’s medium (DMEM). 

4. Complete DMEM medium: DMEM with 10% FBS, 2 mM L-glutamine, 
100 pg/mL, penicillin G and 100 pg/mL streptomycin. 

5. Tissue culture flasks: 25 and 75cm^. 

6 . Hanks’ balanced salt solution (HBSS). 

7. Trypsin-EDTA: 0.05% trypsin, 0.53 mMEDTA in HBSS. 

8 . A 37°C cell culture incubator under 5% CO 2 conditions. 

2.2. Recombinant SFV-1 Plasmid Vector 

To produce a pure plasmid of pCV7-9 vector for transfection, the DNA 
should prepared by CsCl gradient centrifugation. Alternatively, pure plasmid 
DNA can be prepared using a commercial Qiagen (Chatsworth, CA) plasmid 
preparation kit. It is always advisable to check purified plasmid by several 
restriction enzyme digestions to test for a possible deletion and/or rearrange¬ 
ments. A modified pCV7-9 vector is available with a unique Smal site for clon¬ 
ing a foreign gene cassette upstream of the CMV-lacZ region. 

2.3. Packaging Plasmid 

Construction of the packaging plasmid pCGPEAT is described in Subhead¬ 
ing 1.3.1. Packaging plasmid DNA should also be prepared by CsCl gradient 
purification or a Qiagen plasmid preparation kit. 

2.4. Generation of Recombinant Virus 

1 . 6 -well cell culture plates. 

2. Lipofectamine and Opti-MEM medium (Gibco-BRL). 

3. Sodium butyrate (Sigma). 

4. Recombinant SFV-1 vector and packaging plasmid {see Subheadings 2.2. and 
2.3.). 

5. DMEM and complete DMEM medium (see Subheading 2.1.). 

6 . Phosphate-buffered saline (PBS): 1.0% NaCl, 0.025% KCl, 0.14% Na 2 HP 04 , 
0.025% KH 2 PO 4 . 

7. Filters (0.45 pm; Millipore). 

8 . Disposable syringes (3 mL). 
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2.5. Titration of Recombinant Virus 

1. 12-well tissue culture dishes. 

2. Complete medium {see Subheading 2.1.). 

3. PBS. 

4. X-gal solution (1 mg/mL 5-bromo-4-chloro-3-indoyl-P-D-galactopyranoside 
in 2 mMMgClj, 5mM K4Fe[CN]6.3H20, and 5 mMK 3 Fe(CN )6 in lx PBS). 

5. 0.25% glutaraldehyde (Sigma). 

2.6. Infection of Nonadherent Cells with SFV-1 Vector Particles 

1. 12-well culture plates. 

2. Microscope slides. 

3. Cytofunnel (Shandon, Pittsburgh, PA). 

4. Cytospin cytocentrifuge (Shandon, Pittsburgh, PA). 

5. RPMl-1640 medium with 10% FBS. 

3. Methods 

3.1. Generation of Recombinant Virus 

Recombinant virus can be produced by cotransfection of viral vector and 
packaging plasmid. We found that transfection in 293T cells yields the highest 
vector production. Vector particles can also be generated by transfection of the 
packaging cell line 293-2 or 293-24 (63) with viral vector plasmid. However, 
the vector production is significantly lower compared with that of particles 
harvested from 293T cells cotransfected with vector and packaging plasmids. 
The packaging cell lines 293-3 and 293-24 are derived from the 293 cell line. It 
is our experience that during transfection the 293T cells adhere better to the 
plate, whereas the 293 cells tend to lift from the surface of the culture dish; as 
a result, 293T cells yield several fold higher vector production. Therefore, we 
routinely prepare SFV-1 vector by cotransfecting pCV7-9 and pCPGEAT into 
the 293T cell line 

3.1.1. Transfection of DNA Using Lipofectamine 

The transfection procedure provided here is slightly modified from the 
Lipofectamine-mediated transfection method suggested by the manufacturer 
(see Note 1). To enhance expression of both vector genome and viral stmctural 
proteins, cells can be treated with sodium butyrate after transfection (see 

Note 2). 

1. In a 6-well plate, seed 4x10^ cells (293T cells) per well in 2 mL of DMEM with 
10% FBS {see Note 3). 

2. Incubate the cells at 37°C under 5% CO 2 conditions until the cells are 80% 
confluent. This usually takes 24-48 h. 
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3. For each transfection, dilute 9 |aL of Lipofectamine reagent in 50 pL of Opti- 
MEM. 

4. Simultaneusly, for each transfection, dilute 1-3 pg (1.5 pg each of vector pCV7- 
9 and packaging pCGPEAT) of DNA into 50 pL Opti-MEM and incubate for 30 
min at room temperature. Peak activity should be at about 9-15 pL of 
Lipofectamine reagent for 3 pg DNA. 

5. Allow diluted Lipofectamine and DNA to stand at room temperature for 30 min. 

6. Mix the two solutions, vortex for 2 s at medium speed, and incubate for 30-45 
min at room temperature to allow DNA-lipid complex formation. The solution 
may appear cloudy; however, this will not impede the transfection. 

7. Wash the cells once with 2 mL of serum-free DMEM. 

8. For each transfection, add 0.8 mL of serum-free DMEM to each tube containing 
the DNA-lipid complexes. Do not add antibacterial agents to media during trans¬ 
fection. Then slowly add the mix dropwise to each well of the plate containing 
the 293T cells. 

9. Incubate the cells overnight (but not for a full 24 h) at 37°C in a 5% CO 2 
incubator. 

10. Replace media the next morning with 1-1.5 mL DMEM containing 10 mM 
sodium butyrate. Cells must be 80-90% confluent before adding sodium butyrate. 
Maintain in sodium butyrate for 8-12 h (see Note 4). 

11. Wash cells with HESS and replace media after 8-12 h with complete DMEM 
medium. 

12. Maintain cells for 4-5 days prior to harvesting supernatant. Filter harvested vec¬ 
tor particles through 0.45-pm filters and store at -80°C. 

13. Transfection efficiency can be checked by staining the cells for P-galactosidase 
(P-Gal) expression as described in Subheading 3.1.2. after harvesting the super¬ 
natant. We find that >70% cell transfection results in vector productions with 
titers ranging 5 x 10^ to 5 x lOVmL vector particles (see Note 5). 

3.1.2. Titration of SFV-1 Vector by ^-Gaiactosidase Activity Assay 

Since the pCV7-9 vector carries the lacZ gene as a marker SFV-1 vector, 

stocks can be titered by infecting 293T cells and assaying for P-Gal activity. 

1. In a 12-well tissue culture plate seed 2 x 10^ 293T cells and incubate cells at 
37°C until the culture reach 80% confluence (24-48 h). 

2. On the day of infection, prepare a 10-fold serial dilution of the vector stock using 
complete DMEM medium in a total volume of 300 juL for each dilution. 

3. The cell culture at this point should be at least 80% confluent. Remove medium 
from the day-old cell culture and add each of the 300 pL vector diluents to each 
well. Incubate the cultures overnight at 37°C under 5% CO 2 conditions. 

4. Replace the medium with fresh complete DMEM and incubate for 2 more days in 
a 37°C cell culture incubator. 

5. Wash cells twice with 0.5 mL of lx PBS. 

6. Fix the cells by adding 0.5 ml/well of 0.05% gluteraldehyde. Incubate at room 
temperature for no longer than 15 min. 
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7. Remove the gluteraldehyde solution and gently rinse the cells three times with lx 
PBS. 

8. Add 0.5 mL fitered X-gal solution (1 mg/mL X-gal, 2 mM ]VtgCl 2 , 5mM 
K4Fe[CN]6.3H20, and 5 mMK 3 Fe[CN] 6 in lx PBS). 

9. Incubate cells at 37°C for 2-15 h to visualize the blue-stained cells, and count 
positive cells under a light microscope. 

3.2. Infection of Nonadherent Cells 

For nonadherent eells sueh as primary and established lymphoid cells, we 
found higher transduction efficiency when infection is carried out by a spin 
inoculation method. The infection procedure provided for nonadherent cells is 
a modification of the method described previously (68,69). 

1. Seed established nonadherent cells at a density of 3.5 x 10"* in 24-well culture 
plates. Primary cells such as peripheral blood lymphocytes are plated at a density 
of 5 X 10^ are plated for infection. 

2. The following day centrifuge the cells briefly at 1500g for 10 min. 

3. Remove medium carefully and resuspend cells in 200-300 pL vector superna¬ 
tant. Multiplicity of infection (MOI) should be at least 1 for efficient gene trans¬ 
duction. 

4. Spin the resuspended cells for 1-2 h at lOOOg at room temperature and maintain 
in a 37°C cell culture incubator. 

5. After 8 h repeat steps 2-4 and incubate at 38°C overnight. 

6. Spin cells at 1500g for 10 min the next day, remove supernatant carefully, and 
add fresh medium. Incubate cells at 37°C for 48 h. 

7. Transfer 200 pL of resuspended cells to a microscope slide by cytospin for 10 
min at room temperature. 

8. Make a circle around the cytospun cells with a water-repellent pen. 

9. Rinse cells with PBS twice and fix with 200 pL of 0.05% gluteraldehyde for 15 
min at room temperature. 

10. Rinse cells with PBS 3 times, and add X-gal solution. Incubate slides at 37°C in 
a humidified chamber overnight. 

11. Place cover slip after rinsing with PBS and score blue cells for transduction under 
a light microscope. 

4. Notes 

1. Among several transfection protocols we tested, including the CaP 04 procedure, 
the Lipofectamine method with the reagent from Gibco-BRL gives the least vari¬ 
ability, and the transfection efficiency is reproducible. 

2. Sodium butyrate has been shown to increase retroviral vector production by 
enhancing LTR or CMV promoter activity (70—72). 

3. Each cell line has a unique seeding concentration that is important to transfection 
efficiency. A preliminary test determining the right seeding density for each cell 
line may be required for optimum transfection efficiency. 
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4. Incubation time for sodium butyrate should not exceed 12 h. Cells transfected 
with the MuLV vector system survive 10 mM sodium butyrate concentration for 
24 h. Incubation of SFV-1 vector-transfected cells in 10 mM sodium butyrate for 
24 h, however, results in cell death. 

5. Virus titer can be increased fivefold by combining cell-associated vector particles 
with that of supernatants. Foamy virus matures within the cell or by budding 
through the plasma membrane and is released to the culture medium. The par¬ 
ticles within the cell can be obtained by three freeze-thaw cycles. Foamy virus 
virion formation occurs only in the presence of its envelope. The foamy virus, 
therefore, cannot be pseudotyped with the VSV-G envelope protein in order to 
concentrate the vector by centrifugation, as demonstrated for other retroviral vec¬ 
tor systems. However, the foamy virus can be concentrated to more than a 100- 
fold without loss of infectivity. Therefore, if needed, SFV-1 vector can be 
concentrated by centrifugal ultrafiltration (Centricon, Amicon). 
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Recombinant Feline Immunodeficiency 
Virus Vectors 

Preparation and Use 

Michael A. Curran and Garry P. Nolan 


1. Introduction 

Traditional onco-retroviral vector packaging systems, typified by those 
based on Moloney murine leukemia virus (MMLV), have many appealing fea¬ 
tures for gene transfer. MMLV vectors stably integrate their genome into their 
target cells, can package and carry up to 6.5 kb of foreign insert, can be pro¬ 
duced free of helper virus, and, because of their low immunogenicity, can be 
administered in vivo multiple times to the same organism. The major disad¬ 
vantage of these vectors; however, is their inability to transduce nondividing 
cells ( 1 ). 

Lentiviral packaging systems, such as those based on the human and feline 
immunodeficiency viruses (HIV and FIV), possess all the strengths of the onco- 
retroviral systems coupled to the ability to transduce most nondividing and 
primary cells. This chapter focuses on the preparation and optional concentra¬ 
tion of FIV vector particles, as well as on transduction of target cells with these 
viral preparations. Before moving on to the practical methods of FIV produc¬ 
tion, it is useful to begin with an understanding of FIV biology, particularly the 
elements of the virus that allow infection of nondividing cells. Although most 
cell types are susceptible to transduction with FIV vectors, there are a few 
known exceptions, which are also discussed. More thorough reviews of the 
biology of lentiviruses and lentiviral vectors can be found in the literature ( 2 , 3 ). 
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Fig. 1. FIV genome and vector systems. (A) The 9.4-kb FIV genome showing all 
ORFs and the protein constituents of the Gag-Pol polyprotein. (B) Second- and third- 
generation FIV-based FELIX vectors. Shown are a reporter transfer vector, the pack¬ 
aging vector, and a VSV-G envelope vector for both three-plasmid systems. (C) 
Schematic depicting the production of recombinant FIV for gene transfer using one of 
the triple transient transfection systems shown above. 
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Feline Immunodeficiency Virus Vectors 

1.1. FIV Genomic Organization and Life Cycie 

The genomes of the simple (i.e., non-lenti, non-spuma) retroviruses contain 
three genes coding for the Gag, Pol, and Env proteins, which encode the struc¬ 
tural, enzymatic, and surface proteins, respectively. In addition to these essen¬ 
tial open reading frames (ORFs), lentiviral genomes typically contain several 
accessory genes that perform complex functions in both the production and 
infection stages of their life cycle. Within its 9.4-kb genome, FIV possesses 
three accessory genes, vif (increases infectivity of virus produced in lympho¬ 
cytes), ORFAIORF2 (weak LTR transactivator), and rev (facilitates nucleocy- 
toplasmic transport of intron-containing viral RNA), which encode proteins 
important in the viral life cycle (4) (Fig. lA). Third-generation vector systems 
that eliminate these accessory proteins for the sake of added safety must, to 
some degree, compensate for their functions in virus production or suffer losses 
in infectious viral titer. 

The FIV life cycle begins with transcription of the viral genome from the U3 
promoter region of the 5' long terminal repeat (LTR), so named because it is 
present in tandem at both ends of the retroviral genome. Full-length transcripts 
are terminated and polyadenylated at the U5 region of the 3' LTR. Completely 
spliced variants of this transcript give rise to the Rev and A proteins. Rev then 
returns to the nucleus, binds to the Rev responsive element (RRE) present at 
the 3' end of the env gene, and promotes nuclear export of partially spliced and 
unspliced viral RNA. Partially spliced transcripts give rise to the Vif and Env 
proteins, and unspliced transcripts yield the Gag and Gag-Pol (generated 
through ribosomal frameshifting) polyproteins and also serve as the genome 
for packaging into mature virions. The viral protease cleaves itself away from 
Gag-Pol and then processes Gag into matrix (MA), capsid (CA), and nucleo- 
capsid (NC), and Pol into integrase (IN), reverse transcriptase (RT), and a 
dUTPase. Upon entering a target cell (notably via CXCR4 or CCR5), the FIV 
genome is reverse transcribed into double-stranded DNA by RT and trans¬ 
ported to the nucleus in the context of the preintegration complex (MA, IN, 
RT), where it is integrated into the host cell genome. 

The ability to transduce nondividing cells can probably be attributed to sev¬ 
eral features of FIV. Although specific NLS cites have not been mapped for 
FIV as precisely as they have for HIV, it is possible that FIV contains sequences 
in its MA and IN proteins that facilitate its entry into the nucleus via a 
karyopherin-mediated pathway analogous to HIV (5,6). Also, by analogy to 
HIV and equine infectius anemia virus (EIAV), FIV probably also contains a 
central DNA flap region that facilitates its entry into the nucleus through an 
unknown mechanism (7). Interestingly, FIV contains a dUTPase as part of its 
Pol polyprotein that is not present in HIV Pol. Mutation studies of the FIV and 
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EIAV dUTPases suggest that their function is to proofread the viral genome 
for uracil mis-incorporations, which can occur more frequently in metaboli- 
cally inactive cells with low nucleotide pools (8,9). Thus, the ability of FIV to 
infect nondividing cells efficiently in vivo probably results from the synergy of 
several viral components acting at multiple stages of the viral life cycle. 

1.2. Development of FIV Vectors 

Although the three labs responsible for developing FIV-based vector sys¬ 
tems have taken slightly different approaches, most key steps in adapting FIV 
into a useful vector system are common to all three systems (10-12). In all 
systems, a transfer vector (carries the gene of interest), a packaging vector 
(produces the FIV structural proteins), and an envelope vector (directs virion 
entry through binding to a cognate receptor on target cells) are transfected 
together into human 293T-cells to produce virus. Viral supernatants are col¬ 
lected 48 h posttransfection and added to target cells to allow infection by the 
vector particles present in the supernatants. 

All FIV, and almost all retroviral, production systems use 293T cells as their 
packaging cells (i.e., the cells in which virus is produced) because of their high 
transfectability, parental species (i.e., human), and strong metabolic activity. 
The native FIV U3 promoter, however, exhibits very low activity in human 
cells, resulting in very little viral genome transcription following transfection 
into 293T cells (13). For this reason, all FIV vectors contain the human cyto¬ 
megalovirus (hCMV) enhancer/promoter, which is very strong in 293T cells, 
grafted in place of the native FIV U3 promoter. Since this hCMV promoter is 
present only in the 5' FTR of the vector, integrated FIV vector genomes will 
contain the native viral FTR at both the 5' and 3' ends of the genome (the 3' U3 
region serves as the template for both FTRs during reverse transcription). This 
again creates a transcription problem, necessitating the use of an internal pro¬ 
moter to drive expression of the gene(s) of interest. The upstream hCMV pro¬ 
moter modification and insertion of an internal promoter are common 
transcriptional modifications necessary to make FIV viable as a vector. 

Fike the onco-retroviral vector systems, FIV packaging systems require 
expression of the viral Gag-Pol protein and an envelope protein (e.g., MMFV 
amphotropic, vesicular stomatitis virus G [VSV-G]) in order to produce infec¬ 
tious particles. Of the FIV accessory proteins, Vif is not needed by virtue of 
using 293T cells as producers, and replacement of the FIV U3 promoter with 
CMV makes A dispensable; however, all FIV vectors excluding the third-gen¬ 
eration Nolan lab vectors require the viral Rev protein for efficient nuclear 
export of unspliced vector genome. In general, second-generation FIV packag¬ 
ing vectors produce some or all of the viral accessory proteins, whereas third- 
generation packaging constructs produce only Gag-Pol. 
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Fig. 2. Second-generation FIV transfer vectors for cloning. Shown are maps of the 
pFLX-CPL series of vector, which contain only a multiple cloning site (MCS), the 
pFLX-CRS vector, which contains a promoter upstream of the MCS, and pFLX- 
CRSIG, which contains an IRES-eGFP cassette downstream of a promoter and MCS. 


1.3. Second-Generation FIV Vectors 

All second-generation FIV vector systems are based on transient triple trans¬ 
fection of a transfer vector, packaging vector, and envelope construct into 
293T-cells. There are currently no stable FIV packaging cell lines. All vector 
names used in the remainder of the text refer to the FELIX system developed in 
the Nolan lab. From a practical point of view, the transfer vector is the most 
interesting, as it will carry the gene of interest to the target cell and control its 
expression following integration into the genome. As mentioned above, all FIV 
transfer vectors contain the hCMV promoter cloned upstream of the 5' regions 
necessary for replication and packaging (i.e., R, U5, and the packaging signal) 
(Fig. IB). Optimal packaging of FIV vectors requires a region that extends 
into the Gag reading frame; consequently, most vectors include an FIV 
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sequence up to the Mfel (+875 bp into the provirus) site or maximally to the 
TthWW site (+921 bp). This large packaging region includes the major 5' splice 
donor as well as the Gag ATG, which have not been removed in most vectors 
currently available. The 3' end of all transfer vectors includes the 3' end of the 
env gene (which includes the RRE) and the complete 3' LTR. 

The gene cassette of interest is inserted between the packaging region and 
the 3' region (RRE and ETR) described above. Positive control vectors such as 
pFEX-RSG contain a central Rous sarcoma virus (RSV) promoter driving 
expression of the green fluorescent protein (GFP). For most applications, the 
vectors pFEX-CPE or pFEX-CRS are used as backbones into which a particu¬ 
lar gene or gene cassette of interest is inserted (Fig. 2). pFEX-CPE contains the 
multiple cloning site (MCS) from pBluescript II inserted in one of two orienta¬ 
tions (KS or SK)—this vector is designed for cloning in promoter-gene combi¬ 
nations of interest, allowing them to be transferred over easily from standard 
plasmids or MMEV vectors using internal promoters. pFEX-CRS contains an 
RSV promoter upstream of the MCS from pBluescript in the KS orientation 
and is designed for cloning of cDNA inserts. A variant of pFEX-CRS that 
contains an internal ribosome entry site (IRES)-GFP marker cassette down¬ 
stream of the MCS, pFEX-CRSIG, is also available. 

The transfer vector is cotransfected into 293T-cells along with the packag¬ 
ing vector and envelope vector. The second-generation packaging vectors 
available—pCPRdEnv and pCFWdEnv—both contain a CMV promoter driv¬ 
ing expression of all the FIV proteins except Env. They have been rendered 
packaging deficient by deletion of the entire ETR and packaging region up to 
500 bp into the proviral genome. In pCPRdEnv, the Env protein has been neu¬ 
tralized by introduction of a point mutation early in the reading frame that 
truncates and frameshifts the protein, whereas in pCFWdEnv there is a dele¬ 
tion in env that removes part of the ORE and frameshifts the remainder. 
pCPRdEnv is derived from the PPR strain of FIV, whereas pCFWdEnv is 
derived from the 34TFI0 strain. In general, pCPRdEnv and pCFWdEnv give 
approximately equivalent titers when used with the transfer vectors described 
above (all of which are based on FIV-34TF10). 

FIV vectors can be pseudotyped with several amphotropic/polytropic enve¬ 
lopes, yielding high titres and broad host range. The best titers for all FIV vector 
system are achieved by using the glycoprotein VSV-G as the envelope protein 
(14). In the FEEIX system, this envelope is expressed off the CMV promoter 
on the pCI-VSVG plasmid. VSV-G pseudotyped virions can enter almost all 
eukaryotic cells (from Drosophila to human) and can be concentrated using 
high-speed centrifugation. FIV vectors also pseudotype effectively with the 
MMEV amphotropic envelope. In contrast, FIV vectors do not pseudotype well 
with the MMEV ecotropic envelope or with the Gibbon-Ape leukemia virus 
(GAEV) envelope. 
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In summary, triple transfection of an FIV transfer vector (e.g., pFLX-RSG), 
a packaging vector (e.g., pCPRdEnv), and a VSV-G envelope vector (e.g., pCI- 
VSVG) into 293T-cells yields viral titers in the 10®IU/mL range. The particles 
can be used to transduce a wide variety of dividing and nondividing target cells 
permanently with the gene of interest carried in the transfer vector. 

1.4. Third-Generation FIV Vectors 

The second-generation FIV vectors yield good viral litres and are very use¬ 
ful for in vitro work and in vivo work in animal models. The potential for use 
of FIV vectors in human subjects, however, encouraged the creation of a sys¬ 
tem in which the packaging and transfer vectors contained less native FIV 
sequence and in which no viral accessory proteins were present during the pack¬ 
aging or transduction phases of the vector life cycle (Fig. IB). The most sig¬ 
nificant changes in the third-generation system are in the packaging vector. 
pRSV-FIVGP, the third-generation packaging construct, expresses only the 
viral Gag-Pol protein with a linked Lyt2 surface marker. Since Gag-Pol con¬ 
tains splice donors, an RNA element known as the cytoplasmic transport ele¬ 
ment (GTE) has been included to facilitate nuclear export of intact 
Gag-Pol-IRES-Eyt2 mRNA. The CTE is a structured RNA element from 
Mason Pfizer monkey virus (MPMV, a type D retrovirus) that functions like 
the Rev-RRE systems of the lentiviruses, but without the need for a cognate 
Rev protein (15). 

The third-generation transfer vectors, typified by the EacZ reporter vector 
pFEX-YCE, contain a CTE in place of the FIV RRE to facilitate their nucleo- 
cytoplasmic transport. Interestingly, the CTE must be placed as far 3' as pos¬ 
sible in the vector to provide efficienct nuclear export. As the third-generation 
vectors are rarely used for in vitro work or animal studies, no transfer vectors 
with convenient MCSes exist as of this writing. Titers of the third-generation 
system (e.g., pFEX-YCE, pRSV-FIVGP, pCI-VSVG) are in the lO^IU/mE 
range but are generally between 1.5-fold and 2-fold less than those of the sec¬ 
ond-generation system, reflecting the lack of efficiency of the CTE relative to 
the FIV Rev-RRE system. 

1.5. FIV Vector Tropism 

When they are pseudotyped with the VSV-G envelope, it is believed that 
FIV vector particles can enter almost any target cell type. In in vitro systems, 
FIV vectors infect GI/S- and G2/M- arrested cells with efficiencies similar to 
infection of dividing cells (10,12). Primary cells transduced by FIV vectors 
include human aortic smooth muscle cells, human umbilical vein endothelial 
cells, human hepatocytes, human CD34-I- progenitor cells, human T-cells, 
human dendritic cells, human pancreatic islet cells, stimulated murine T-cells, 
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rat neurons, and rat pancreatic islet cells. In our hands, however, murine 
hematopoeitic progenitor cells and completely unstimulated (no cytokines or 
antibodies) human T-cells have yielded no significant transduction with FIV 
vectors. Also, FIV (and HIV) vectors seem to have a quantitative defect for 
infecting some murine (specifically murine, not rat) cells as titers measured for 
these vectors on some human cells fall off between 2- and 10-fold on similar 
murine cells. This defect may be even more pronounced on murine primary 
cells, but more work needs to be done to confirm this phenomenon. See 
www.stanford.edu/group/Nolan for updates. 

2. Materials 

2.1. Cell Culture 

1. Human embryonic kidney 293T-cells. Cells should be grown in the DMEM 
described below and should be split 1/5 to 1/10 every 3^ days. 

2. Dulbecco’s modified Eagle’s medium (DMEM) with high glucose, r-glutamine, 
110 mg/L sodium pyruvate, and pyridoxine hydrochloride (Gibco-BRL, cat. no. 
11995-065). Optionally, supplement with penicillin-streptomycin (Gibco-BRL, 
cat. no. 15140-122) or with penicillin-streptomycin-amphotericin B (Gibco-BRL, 
cat. no. 15240-062). 

3. Trypsin-EDTA solution lx (Gibco-BRL, cat. no. 25300-054). 

4. Fetal bovine/calf serum (FBS/FCS). 

5. Tissue culture treated dishes (6 or 15 cm diameter). 

2.2. Transfection Reagents 

2.2.1. Ca3(P0^2 Transfection 

1. Chloroquine: Stock is 50 mM in ddH20 (Sigma, cat. no. C-6628). 

2. CaCl 2 : Stock is 2 Min ddH20, 2-|am filtered (Mallinkrodt, cat no. 4160). 

3. HEPES sodium salt (Sigma, cat no. H-7006). 

4. Na 2 HP 04 dibasic (Fisher, cat no. S374-500). Stock solution is 5.25 g dissolved in 
500 mL ddH20 (i.e., approx 74 mM). 

5. 2x HBS: 8.0 g NaCl, 6.5 g HEPES, 10 mL Na 2 HP 04 stock solution. pH to 7.0 
using NaOH or HCl. Bring volume up to 500 mL. Check pH again. The pH is 
very important; it must be exactly 7.0. 

2.2.2. FugENE 6 Transfection 

1. FuGENE 6 Transfection Reagent (Roche, cat no. 1 814 443). 

2. Opti-MEM (Gibco-BRL, cat. no. 31985-070). 

2.4. FIV Vector Plasmids 

1. An FIV transfer vector containing a reporter gene cassette or promoter and gene 
of interest to be transferred to a target cell (e.g., pFLX-RSG). DNA should be 
prepared using a large-scale plasmid purification method that yields pure plas¬ 
mid DNA and minimal endotoxin. 
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2. An FIV packaging plasmid vector (e.g., pCPRdEnv). DNA should be prepared as 
above. 

3. A plasmid expressing an envelope with which FIV vectors readily pseudotype 
(e.g., pCI-VSVG). DNA should be prepared as above. 

2.5. Virus Purification 

1. 5-mL syringes. 

2. 0.45-|am low-protein-binding syringe filters. 

3. 15-mL sterile polypropylene tubes. 

2.6. Virus Concentration 

1. Tris-NaCl-EDTA buffer (TNE): 50 mMTris-HCl, pH 7.8, 130 mMNaCl, 1 mM 
EDTA. Add 50 mL of 1 MTris-HCl, pH 7.8, to 950 mL H 2 O containing 7.6 g of 
NaCl, 0.4 g of EDTA and autoclave prior to storage at 4°C. 

2. 50 mL Oak Ridge polyproylene copolymer tubes (Nalgene Nunc, cat. no. 3139- 
0050). 

3. 0.45-|am low-protein-binding 115 mL Nalgene filters (cat. no. 245-0045). 

2.7. Infection Reagents 

1. Polybrene (hexadimethrine bromide. Sigma, cat. no. H9268). lOOOx stock con¬ 
centration is 5 mg/mL in PBS. 

2. Retronectin (Panvera, cat. no. TAK TlOO). 

3. Methods 

3. 1. Production of Recombinant Virus 

Described below are the two methods for triple transfection of 293T-cells 
that have worked the best and most reproducibly in our experience. In each 
case, 293T-cells are transfected with 5 pg of packaging vector plasmid, 3 pg of 
transfer vector plasmid, and 2 pg of envelope vector plasmid; 48 h later, recom¬ 
binant FIV viral supernatants are collected from these cells. Both the transfec¬ 
tion methods described below and the ratio of packaging to transfer to envelope 
vector are open to further optimization. Conditions described below are for 6- 
cm dishes; however, larger or smaller dishes may be used providing all the 
DNA and reagent volumes are scaled appropriately based on the difference in 
surface area. The FuGENE 6 protocol is recommended for its consistently high 
yields and low toxicity; however, calcium phosphate transfection provides a 
much more economical alternative. Note that <50% transfection will generally 
not result is useful viral titers. 

3.1.1. Triple Transfection Using CaP 04 

1. 293T-cells should be grown and maintained in DMEM with 10% FCS. The day 
prior to transfection split out 2-2.5 x 10® cells/6-cm dish. At the time of transfec- 
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tion, cells should be 65-85% confluent in 3 mL of DMEM with 10% PCS {see 

Note 1). 

2. Add 2 |iL of 50 mM chloroquine stock to plates prior to transfection {see Note 2). 

3. To a 15-mL polypropylene tube, add 5 pg FIV packaging vector (e.g., 
pCPRdEnv), 3 pg transfer vector (e.g., pFLX-RSG), and 2 pg envelope vector 
(e.g., pCI-VSVG) {see Note 3). 

4. Add 61 pL of 2 M CaC12—try to wash the DNA down the tube. 

5. Add 430 pL of sterile ddFl20—must be room temperature. 

6. Centrifuge tubes briefly at 1500 rpm (400-500g) to spin liquid down to bottom 
of tube. 

7. Add 500 pL of 2x HBS and bubble for 2-10 s in the water/CaCl 2 /DNA mixture. 
(Bubbling times vary greatly between batches of FIBS and should be optimized 
for each one.) 

8. Add the FlBS/water/CaCVDNA mix dropwise to the plated cells. Swirl the plate 
gently when done {see Note 4). 

9. Incubate the cells at 37°C for 8 h. 

10. Change media to 2-3 mL of fresh DMEM with 10% FCS. 

11. Change media again in 16-24 h. 

12. Optional: Move plates to 32°C approx 40 h posttransfection {see Note 5). 

3.1.2. Triple Transfection Using FuGENE 6 

1. 293T-cells should be grown and maintained in DMEM with 10%FCS. The day 
prior to transfection, split out 2-2.5 x 10® cells/6-cm dish. At the time of trans¬ 
fection, cells should be approx 50% confluent in 3 mL of DMEM with 10% FCS 
{see Note 1). 

2. To a sterile 1.5-mL microfuge tube, add 266 pL of serum-free Opti-MEM (or 
DMEM). 

3. Add 27 pL of FuGENE 6 directly to the Opti-MEM already in the tube without 
allowing it to touch the sides {see Note 6). 

4. Incubate the FuGENE/media mixture for 5 min at room temperature. 

5. To a second sterile 1.5-mL tube, add 5ug FIV packaging vector (e.g., pCPRdEnv), 
3 pg of transfer vector (e.g., pFLX-RSG), and 2 pg of envelope vector (e.g., pCI- 
VSVG). If possible, add them directly to the bottom of the tube {see Note 3). 

6. Add the FuGENE/media mixtures from step 4 dropwise to the tube containing 
the DNA from step 5. 

7. Tap the bottom of the tube to mix the contents. Do not vortex. 

8. Incubate the FuGENE/DNA mixture for 15 min at room temperature. 

9. Add the mixture dropwise to the plated cells. Swirl to distribute. 

10. Incubate the cells at 37°C for 24-30 h. 

11. Change the media to 2-3 mL of fresh DMEM with 10% FCS approx 24 h 
posttransfection. 

12. Optional: Move the plates to 32°C approx 40 h posttransfection {see Note 5). 
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3.2. Collection of Viral Supernatants 

1. Approximately 48 h posttransfection, remove viral supernatants from plates and 
add to sterile 15-mL polypropylene tubes. 

2. If desired, add 2-3 mL of new media to each plate, and return the plates to the 
32°C incubator for up to two additional collections. 

3. Centrifuge the 15-mL tubes containing the viral supernatants for 5 min at 1000 
rpm (300g) to remove cell debris. 

4. Optional: Filter-clear supernatants through 5-mL syringes tipped with 0.45 jam 
low-protein-binding syringe filters. Never use 0.2 |am filters or filters that are not 
low-protein-binding or you may lose significant viral titer {see Note 7). 

5. Cleared or cleared/filtered supernatants can now be used immediately or frozen 
at -80°C. (Freezing results in an approx twofold loss of titer) {see Note 8). 

3.3. Concentration of Virus (Optional) 

1. Prepare 15-cm dishes of293T cells split with approximately 12.5 x 10® cells/dish 
in 18 mL of DMEM with 5% FCS or Opti-MEM with 1% FCS the day before 
transfection {see Note 9). 

2. Transfection by the FuGENE 6 protocol is recommended using the following 
parameters: 1663 |uL of Opti-MEM, 167 |uL of FuGENE, 31 |ig of packaging 
vector, 19 |ig of transfer vector, and 12.5 |Ug of envelope vector. 

3. Transfect two 15-cm dishes for each sample. 

4. At 48 h posttransfection, collect supernatants from the two dishes and pool them 
into a sterile 50-mL polypropylene tube (final volume approx 36 mL). 

5. Obtain a 115-mL 0.45 pm or 0.8 pm low-protein-binding filter {see Note 10). 

6. Filter the 50-mL tube of pooled supernatant through the filter. 

7. Pour the filtered supernatant into an autoclaved 50-mL polycarbonate Oak Ridge 
tube and screw on the top securely. 

8. Spin Oak Ridge tubes containing supernatants at 50,000g for 1.5 h. Generally 
this is done using a Beckman JA20, JA21, or JA25.50 rotor spinning at approxi¬ 
mately 20,000 rpm. 

9. Pour off the supernatant from the tube. A small pellet should be visible on the 
wall near the bottom. 

10. Resuspend pellet in 300 pL to 1 mL of TNE. Wash the lower wall thoroughly and 
pipette up and down to disperse the pellet {see Note 11). 

11. Optional: Add 300 pL to 1 mL of a desired media to the TNE-virus solution {see 

Notes 11 and 12). 

12. Use virus or freeze at -80°C in cryotubes. 

3.4. Infection of Target Cells In Vitro 

The most basic means of infecting target cells with a recombinant FIV viral 
supernatant is obvious—place the supernatant on the cells, place the cells at 
32°C, add Polybrene, and change the media after 8-16 h. Several more refined 
methods exist, however, which have been shown to increase infectivity of 


346 


Curran and Nolan 


retroviral supernatants on many different types of cells. Spinoculation, usually 
in the presence of a polycation such as Polybrene or protamine sulfate, refers 
to spinning plates of cells with virus on them. The exact mechanism by which 
this method works remains unclear, as the relatively low g forces involved 
should not significantly alter the movement of viral particles in solution. Trans¬ 
duction of hematopoeitic stem cells, dendritic cells, and possibly other types of 
cells increases significantly when infections are performed in Retronectin 
(recombinant fibronectin fragment CH296)-coated plates. Polybrene is the 
most frequently used infection catalyst; however, it can be toxic to several 
types of primary cells. When Polybrene toxicity becomes a problem, prota¬ 
mine sulfate (lOOOx stock is 8 mg/mL) or dioleoyl-trimethylammonium pro¬ 
pane (DOTAP; Gibco) can be used as less toxic alternatives. 

3.5. Basic Infection Using Recombinant FIV Supernatant 

1. Plate out target cells to a desired density. (Infecting target cells at confluence is 
less efficient as virus-cell contacts are reduced.) 

2. Aspirate media off cells and add the desired amount of viral supernatant (if 
adherent) or spin down cells and resuspend in viral supernatant (if nonadherent). 

3. Add the desired volume of the target cells’ normal media. Lower total volume 
results in higher infectivity, but be sure to add enough of your cells’ native media 
that viability will not be compromised. 

4. Add Polybrene to a final concentration of 5 pg/mL. 

5. Incubate cells for 8-16 h at 32°C. 

3.6. Spinocuiation of Target Ceiis 

1. Add viral supernatant to target cells in a 96-, 48-, 24-, 12-, or 6-well plate. 

2. Add Polybrene to a final concentration of 5 pg/mL. 

3. Make sure plates have a sufficient volume of viral supernatant and media that 
there won’t be dry spots in the wells during centrifugation. 

4. Secure plate lids by taping or parafilming. 

5. Place plates on plate carriers for a centrifuge with a swinging bucket rotor. (We 
use a Sorvall RT6000B or Beckman Allegra 6R, but there are many suitable cen¬ 
trifuge/rotor combinations.) 

6. Centrifuge at 2500 rpm (lOOg) for 90 min. 

7. Remove sealant (tape or parafilm) from plate lids. 

8. Place plates at 32°C 8-16 h. 

9. Replace virus-containing media with target cells’ normal media and move them 
to 37°C. 

3.7. Infection Using Retronectin (Takara) 

1. Plate target cells in a Retronectin-coated plate or dish. Plates can be purchased 
precoated from Panvera or coated with Retronectin prior to use. If coating plates. 
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follow the instructions included with the Retronectin and remember to use plates 
that are not tissue culture treated. 

2. Aspirate media off cells and add the desired amount of viral supernatant (if 
adherent) or spin down cells and resuspend in viral supernatant (if nonadherent). 

3. Add the desired volume of the target cells’ normal media. Lower total volumes 
are better if not spinning plates; higher may be better to avoid drying if spinning. 

4. Optional: Add Polybrene to a final concentration of 5 pg/mL. Little proof exists 
that using a polycation in addition to Retronectin significantly improves titers 
{see Note 13). 

5. Optional: Spin cells 2500 rpm (lOOg) for 90 min. There is also little evidence that 
spinning with Retronectin gives superior transduction to use of Retronectin alone 
{see Note 14). 

6. Incubate cells 8-16 h at 32°C. 

7. Replace virus-containing media with target cells’ normal media and move them 
to 37°C. 

3.8. Measurement of Viral Titer 

Viral titer can be measured on any cell line when the VSV-G envelope is 
used; therefore, we recommend using a cell line derived from the same species 
as the targets the viral supernatant is to be used to transduce. An additional 
possibility is to use 293 cells, which are readily infectable by FIV and can be 
considered to give a “best case” titer. Calculating titer with retroviral vectors is 
a matter of some debate, as different combinations of cell number, plate size, 
dilution of viral supernatant, and use of infection catalysts can give widely 
varied titer measurements for the same batch of virus. The method given here 
is meant to establish a useful working titer measurement that should provide a 
good reference titer regardless of the virus volume to media volume to cell 
number ratios used. Remember also that in a population of cells that is >33% 
infected, some cells will have multiple integration events. 

1. Prepare viral supernatants using a transfer vector expressing a reporter gene that 
ean be detected by fluoreseence-activated cell sorting (FACS; i.e., GFP, P-Gal, 
or a surface marker that can be detected by an antibody). 

2. Split 1x10^ cells/well of a 12-well plate of the cell line to be used for measuring 
titer. For each sample to be titered, split out three wells. The ideal is for there to 
be approximately 1x10^ cells/well at the time of infection; thus, if you are split¬ 
ting the day before, you may want to seed 5 x lO"* eells/well. 

3. To the three wells allocated for each sample, add 100 pL of viral supernatant + 
900 pL media to one, 500 pL virus + 500 pL media to the other, and 1 mL of virus 
to the last {see Note 11). 

4. Add 1 pL of lOOOx Polybrene to eaeh well. 

5. Spin plates for 1.5 h at 2500 rpm. 

6. Incubate plates for 8-16 h at 32°C. 
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7. Remove virus and add fresh media. 

8. Incubate plates for 36-48 h at 37°C. 

9. Measure the percentage of cells infected by FACS analysis (e.g., on a BD 
FACScan). 

10. Calculate titer for all three wells individually as follows: 

Well #1: “/oinfected xlxlO^xlOxlO^ titer lU/mL 
Well #2: “/oinfected x 1 x 10^ x 2 x 2 = titer lU/mL 
Well #3: “/oinfected xlxl0^xlxl = titer lU/mL. 

The general method is %infected x no. of cells infected x fraction of 1 mL of 
virus used x final dilution in media. 

11. Average all three titers to get a working titer. If virus volume is limiting, prepar¬ 
ing and analyzing only the 100- and 500-|iL wells still gives a good titer estimate. 

4. Notes 

1. 293T cells may be selected with 1 mg/mL G418 if they begin to lose their 
transfectability or if their growth rate slows. 

2. The chloroquine is toxic to the 293T cells, limiting transfection time to 8 h. If 
longer incubation times are necessary, less chloroquine can be used. 

3. Because of their repeated LTRs and large size, some FIV vectors may be more 
stable when prepared in stable bacterial strains such as SURE (Stratagene) or 
STBL2 (Gibco). 

4. After applying the HBS/DNA mixture, a fine granular black precipitate should be 
visible above the cell monolayer. (This will become more pronounced throughout 
the 8 h.) Less fine precipitates with larger black particles can signal suboptimal 
transfection and greater toxicity. 

5. Recombinant virus is more stable at 32°C; therefore, incubation of plates at 32°C 
prior to and/or during virus collection(s) may yield higher titers than incubation at 
37°C. 

6. For FuGENE transfections, in general, use 2.67 |iL FuGENE 6/1 |lg of DNA. 

7. Filtration removes any remaining cell debris and helps reduce carry-over trans¬ 
fection when it is a problem. 

8. Flash-freezing supernatants on dry-ice/ethanol or in liquid nitrogen provides the 
best viability. Alternatively, supernatants can be placed directly at -80°C. 

9. Lower concentrations of serum are used when concentrating viral supernatants so 
that fewer precipitated serum proteins pellet with the virus particles. 

10. Skipping filtration yields highest titers; however, unfiltered concentrated virus 
may be toxic to cells owing to residual VSV-G coated membrane fragments. 

11. Concentrated virus may be toxic to some cells because of the fusogenic nature of 
VSV-G pseudotyped particles. It is recommended that the concentrated virus first 
be applied to the target cells in a variety of dilutions to establish an optimal range 
of transduction to toxicity. 

12. Addition of media to the TNE/virus solution helps make the virus preparation less 
toxic for certain primary cells and provides additional liquid volume for 
resuspension. 
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13. Addition of polycationic molecules such as Polybrene is known to enhance 
retroviral transduction; however, little evidence exists that this effect is additive 
when using recombinant fibronectin. 

14. Spin infection is known to enhance retroviral transduction; however, little evi¬ 
dence exists that this effect is additive when using recombinant fibronectin. 
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Lentivirus Vector Based on Simian 
Immunodeficiency Virus 

Development and Use 

Klaus Uberla 


1. Introduction 

Vector systems based on human immunodeficiency viruses (HIVs) (1) allow 
an efficient and stable gene transfer into nondividing cells (2,3). Because of 
the pathogenicity of the parental virus, the use of lentiviral vectors based on 
feline immunodeficiency virus (4,5), equine infectious anemia virus (6), or 
simian immunodeficiency virus (SIV) (7,8) has also been explored. SIV is 
closely related to HIV, and some strains of SIV can induce an AIDS-like dis¬ 
ease in nonhuman primates. This animal model has been extensively used to 
study the pathogenesis of immunodeficiency virus infections and should also 
be valuable for a preclinical safety assessment of SIV-based vectors. Although 
SIV can replicate in human CD4+ cells, the course of laboratory-acquired 
infections suggests greatly reduced virulence in comparison with HIV (9). 

The aim of this chapter is to discuss various practical aspects of the develop¬ 
ment and use of SIV-based vectors. This is preceded by a short overview of the 
genome structure and replication cycle of the virus. More detailed information 
on the molecular biology of immunodeficiency viruses can be obtained from 
recent reviews (10,11). 

1.1. Genome Structure 

The viral genome is flanked by two long terminal repeats (LTRs; Fig. lA), 
which consist of U3, R, and U5 regions. The U3 region harbors the promoter 
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Fig. 1. Map of proviral DNA and mRNA transcripts of SIV (A) and maps of SIV 
vector and packaging constructs (B). Deleted regions are shaded. Inactivated reading 
frames are marked in black. Hatched regions indicate codon optimization. \|/, assumed 
packaging signal; CMV, immediate early promoter and enhancer of human cytomega¬ 
lovirus; polyA, heterologous polyadenylation signal; Prom, heterologous promoter; 
GFP, gene for the green fluorescence protein. Plasmids Sgpsyn (13), Hgpsyn (13), 
pcTat (16), pcRev (17), and pHIT-G (20) have been previously described. 
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and enhancer elements, which direct initiation of viral transcription at the 
5'LTR. All viral transcripts start with the 5'R region and end with the 3'R region. 
Differential splicing and ribosomal frameshifting allow expression of various 
open reading frames. Five of them {gag,pol, env, tat, and rev) are particularly 
relevant for vector development. The gag reading frame codes for the matrix 
and capsid proteins, pol for viral enzymes, and env for the surface protein. 
TAT is a strong transcriptional activator; it binds to the trans-acting respon¬ 
sive region, TAR, at the 5'end of the viral RNA. Rev also binds to a secondary 
structure of the viral RNA, called Rev-responsive element (RRE), and medi¬ 
ates nuclear export of unspliced or singly spliced viral RNA. 

1.2. Replication Cycle 

The viral particle, which contains two copies of the unspliced viral RNA, 
binds via the Env protein to the cellular receptors, leading to fusion of the viral 
and cellular membrane. This delivers the viral core to the cytoplasm, where the 
core dissociates. The viral RNA is reverse transcribed by the particle-associ¬ 
ated reverse transcriptase. During reverse transcription the 5'U5 and 3'U3 re¬ 
gions of the viral RNA serve as templates for the 3'U5 and 5'U3 regions, 
respectively. This ensures regeneration of two complete ETRs during DNA 
synthesis. After transport of the viral DNA into the nucleus, it integrates into 
the genome of the cell with the help of the viral integrase. The viral genome is 
then transcribed by cellular factors. During the early phase of the viral life 
cycle, multiply spliced transcripts coding for Tat and Rev are formed. Tat acts 
as a strong activator of viral transcription, leading to a positive feedback loop. 
If sufficient amounts of Rev have accumulated. Rev mediates export of 
unspliced and singly spliced transcripts to the cytoplasm, where they are trans¬ 
lated into Gag, Gag-Pol, and Env. The viral particle then assembles at the 
plasma membrane. RNA secondary structures presumably located at the 5' 
untranslated region and in the beginning of gag act as packaging signals, lead¬ 
ing to the incorporation of two copies of unspliced viral RNA into the particle. 
Finally, the viral particle buds off the membrane, leading to the release of infec¬ 
tious virus particles. 

1.3. Development of SIV-Based Vectors 

The key step in the development of lentiviral vectors is to split up the viral 
genome in three or more constructs, which will provide all functions necessary 
for a single round of infection. Usually, two packaging constructs are used: 
one codes for the surface protein (pHIT-G, Fig, IB), and the second allows 
expression of gag and gag-pol (SgpA2frx or Sgp^^", Fig. IB). Both of them 
lack packaging signals and elements required for reverse transcription and inte¬ 
gration. Therefore, cotransfection of both packaging constructs leads to the 
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production of empty particles, which cannot transfer either env, gag, or gag- 
pol. If the packaging constructs are cotransfected with a vector construct 
(ViGASB, Fig. IB), the encoded vector RNA can be packaged and transferred. 
The features of these three constructs are discussed separately in more detail 
below. 

1.3.1. Selection of the Envelope Protein 

The envelope protein (Env) of the vector particle is an important determi¬ 
nant of cell tropism. In the case of SIV-based vectors, the homologous Env 
protein would only provide entry into CD4+ cells, which also express the right 
coreceptor. Since heterologous cell surface proteins can also be incorporated 
into lentiviral vector particles, the SIV Env can be replaced by heterologous 
envelope proteins such as the amphotropic murine leukemia virus (MEV) Env 
or the G-protein of vesicular stomatitis virus (VSV-G) (7). Both allow entry 
into a wide variety of different cells. The VSV-G has the additional advantage 
that its stable association with the vector particle allows purification and con¬ 
centration (12). The toxicity of VSV-G makes the establishment of stable pack¬ 
aging cell lines difficult. Toxic effects can also be observed at high doses on 
some target cells and might limit its application in vivo. 

1.3.2. Minimizing the Vector Construct 

Since the vector RNA encoded by the vector construct is transfered to target 
cells, it is desirable to eliminate as many viral sequences as possible. cA-acting 
sequences that cannot be deleted from the vector construct are promoter and 
enhancer elements in the 5'ETR, the packaging signal (\|/), and elements 
required for reverse transcription or integration such as the primer binding site, 
the 3' polypurine tract, the R regions, and the ends of the ETRs. Most vector 
constructs also require the RRE, sinee 5'gag sequenees, which were ineluded 
for better packaging, render the constructs Rev dependent (ViGASB, Fig. IB). 
One exception is a minimal vector construct that only contains viral sequences 
present on the multiply spliced ne/transcript (7). The vector titers of this RRE- 
less veetor are, however, approximately 10-fold lower than titers of vectors 
containing 5'gag sequences. Deletion of the promoter and enhancer elements 
of the U3 region of the 3'ETR leads to self-inactivating vectors, which have a 
reduced risk of vector mobilization by superinfection of transduced cells with 
HIV. The deletion in the 3'U3 region does not affect transcription of vector 
RNA in the vector producer cells since transcription is controlled by the 5'U3 
region. During reverse transcription the 3'U3 region serves as a template for 
the 5'U3 region of the viral DNA in the target cells. If the promoter and 
enhancer elements of the 3'U3 region have been deleted, the 5'U3 region will 
also lack these elements in the target cells. Therefore, the paekaging signals 
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present in the 5'untranslated regions are no longer transcribed in the target cells, 
reducing the risk of vector mobilization by superinfection of transduced cells 
with HIV. Insertion of an internal promoter upstream of the therapeutic gene 
allows its expression in the target cells and offers the possibility of transcrip¬ 
tional targeting (ViGASB, Fig. IB). Problems of promoter interference in tar¬ 
get cells can also be circumvented by these self-inactivating vectors. 

When different therapeutic genes are cloned into the same vector construct, 
the titers can vary considerably. Although the reasons for failures are not 
always understood, the following points should be considered when designing 
new vector constructs. The overall length of the vector should be kept as short 
as possible. It is recommended that the vector construct not exceed the length 
of the wild-type SIV genome, which is roughly 10 kb. The therapeutic gene is 
usually inserted in the sense orientation to avoid antisense inhibition phenom¬ 
ena during vector production. Polyadenylation signals must be absent, and 
elimination of cryptic splice sites can signficantly increase the titer of some 
vectors. Direct repeats should also be avoided, since strand transfer during 
reverse transcription can lead to the deletion of intervening sequences. If the 
therapeutic gene is to be inserted in the antisense orientation, it is advisable to 
use an internal promoter that has low activity in the vector producer cells. 

1.3.3. Optimizing the gag-pol Expression Plasmid 

The most efficient SIV gag-pol plasmids had initially preserved the func¬ 
tional organization of the SIV genome (7). Sequences involved in packaging 
were deleted from the 5'untranslated region (SgpA2frx, Fig. IB). The 3'LTR 
had been replaced by a heterologous polyadenylation signal. Deletions were 
also introduced into the env gene and the accessory genes vif, vpr, vpx, and nef. 
The Tat-TAR transcriptional activation pathway and the Rev-RRE nuclear ex¬ 
port system had been left untouched for efficient expression of gag-pol. 

One of the disadvantages of such gag-pol expression plasmids is that the 
gag-pol genes are flanked by two regions that are homologous to vector 
sequences. These regions of homology are gag sequences, which are main¬ 
tained on the vector for better packaging, and the RRE, which is required on 
most SIV vector constructs for export of the unspliced vector RNA from the 
nucleus to the cytoplasm. Homologous recombination events between the gag- 
pol expression plasmid and the vector could therefore lead to transfer of gag- 
pol sequences into target cells. The risk for these homologous recombination 
events was limited by optimizing the codon usage of SIV gag-pol (13) without 
changing the amino acid sequence. The degree of nucleotide sequence identity 
to gag sequences present on the vector construct was thus reduced to 75%. The 
degree of homology between vector and gag-pol expression plasmid could be 
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further minimized by packaging the SIV vector with a codon-optimized HIV-1 
gag-pol expression plasmid (13). As observed previously, optimization of 
lentiviral codon usage (14,15) also allowed Rev-independent expression of 
gag-pol. Therefore the RRE could also be omitted from the codon-optimized 
gag-pol expression plasmids, which finally only contain the gag-pol open read¬ 
ing frame without any other lentivirus-derived sequences. When the codon- 
optimized gag-pol expression plasmid is used to package vector constructs such 
as ViGASB, tat and rev expression plasmids (pcTat, pcRev [16,17]) are 
cotransfected for efficient transcription and nuclear export of the vector RNA, 
respectively. 

2. Materials 

2. 1. Cell Culture 

1. Cell culture medium: Dulbecco’s modified Eagle’s medium (DMEM)-Glutamax 
(Gibco-BRL cat. no. 61965-026, Life Technologies, Karlsruhe, Germany) -i-100 
U penicillin G/mL -I- 100 pg streptomycin/mL. 

2. 293T cells (293ts/A1609 [18]) are cultured in DMEM -i- 10% fetal bovine serum 
(FBS). Cells are split 1/10 twice a week by trypsin-EDTA (Gibco-BRL cat. no. 
25300-054, Life Technologies) treatment. Overgrowth should be avoided. Thaw 
fresh cells every 3^ months. 

3. 293A cells (Quantum Biotechnologies, Montreal, Canada) kept in DMEM + 5% 
FBS are split 1/5 twice a week. 

2.2. Plasmids 

The Qiagen (Hilden, Germany) Plasmid Mini Kit (cat. no. 12143) or the 
EndoFree Plasmid Maxi Kit (cat. no. 12362) are used to prepare plasmid DNA 
of the packaging and the vector constructs (Fig. IB and see Note 1). 

2.3. Generation of Vector Particles by Transient Transfection 

1. 2x HBS: lOx solution: 8.18% NaCl, 5.94% Hepes, 0.2% Na 2 HP 04 (all w/v). 
Dilute to 2x HBS solution. Add 1 M NaOH to bring pH to 7.12. Filter-sterilize 
and store in aliquots at -20°C. 2 MCaC\ 2 . 

2. Injectable water (B. Braun, Melsungen, Germany). 

3. Carrier DNA: Sonicated calf thymus DNA (Gibco-BRL cat. no. 15633-019, Life 
Technologies). 

4. 0.45 pm filter: Minisart (Sartorius cat. no. 17598K, Gottingen, Germany). 

2.4. Concentration of Vector Supernatants 

1. Serum-free medium: AIM-V medium (Gibco-BRL cat. no. 12055-083, Life Tech¬ 
nologies). 

2. Vivaspin 20 tubes (Sartorius cat. no. VS2041). 
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3. Methods 

3.1. Generation of Vector Particles by Transient Transfection 

Vector particles are prepared by transient cotransfection of the packaging 
constructs with the vector construct into 293T cells using the calcium phos¬ 
phate coprecipitation method since stable packaging cell lines for SIV-based 
vectors are not yet available (see Note 2). 

1. On the day prior to transfection plate 1 x 10® 293T cells in 25-cm^ tissue culture 
plates in 5 mL DMEM + 10% FBS, which should give about 80% confluency on 
the next day. 

2. Replace the culture medium with fresh prewarmed (37°C) medium and incubate 
for 4-6 h at 37°C and 5% CO 2 (see Notes 3 and 4). 

3. To set up the transfection cocktail, thaw all reagents at 37°C and place on ice. 

4. Mix on ice 5 pg gag-pol expression plasmid, 2 pg VSV-G expression plasmid, 
and 5 pg vector plasmid with cander DNA to a total amount of 15-20 pg DNA. 

5. Add 31 pi 2 M CaCl 2 to the DNA and adjust the volume to 250 pi by adding 
injectable water. 

6. For each tissue flask to be transfected, aliquot 250 pi 2 x HBS into a separate 1.5- 
mL reaction tube. 

7. Place one tube at a time on a vortexer under the tissue culture hood and add the 
DNA-CaCl 2 solution drop by drop. 

8. After a 10-min incubation period at room temperature, pipet the transfection cock¬ 
tail into the medium of the 293T cell flasks, mix by gentle rocking, and place in 
the incubator. 

9. Eighteen to 24 h after addition of the transfection cocktail, replace the medium 
gently with 5 mL fresh culture medium. 

10. One and/or 2 days later, remove the supernatant of the transfected cells and clear 
by low-speed centrifugation (370g, 10 min). 

11. Then slowly press the supernatant with a syringe through 0.45-pm filters and 
store in aliquots at -80°C. Filtered supernatants can be stored at 4°C, if infections 
are set up within a day after harvest (see Note 5). 

3.2. Titration of Vectors 

The titers of vectors expressing the green fluorescence protein (GFP) 
reporter gene are determined as follows. 

1. One day prior to infection plate 5x10'* 293A cells in 1 mL DMEM + 5% FBS per 
well of a 24-well plate (see Note 6). 

2. Thaw vector stocks briefly at 37°C and make 10-fold serial dilutions in DMEM - 1 - 
5% FBS. 

3. Remove the medium from the wells of the 24-well plate and add 200 pL of vector 
dilutions immediately. 

4. After 4 h in the CO 2 incubator, add 1 mL prewarmed DMEM. 
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5. Two to 3 days later, count the number of GFP^ cells in an inverted fluorescence 
microscope. 

6. To calculate the titer without having to view the entire well, first count the num¬ 
ber of optical fields at a given magnification that can be fitted across the diameter 
of the well. 

7. Then determine the average number of GFP^ cells per optical field at this magni¬ 
fication from a representative number of optical fields. 

8. Multiply the number of GFP^ cells per optical field by the square of the number 
of optical fields fitting the diameter of the well, to give the number of GFP^ cells 
per well. 

9. Multiplication by 5 and by the dilution factor gives the number of GFP-forming 
units per mL vector supernatant. 

3.3. Concentration of Vectors 

Vector supernatants can be easily concentrated approximately 100-fold by 
filtration through Vivaspin 20 tubes if the supernatants were harvested in 
serum-free medium. This is achieved as follows: 

1. Replace the DMEM medium 24 h after addition of the transfection cocktail with 
the same volume of serum-free AIM-V medium. 

2. Than harvest supernatants 24 and 48 h later and clear and filter as described in 

Subheading 3.1. 

3. Sterilize the Vivaspin columns by washing with 70% ethanol and subsequent 
drying in the cell culture hood. 

4. Add 20 mL of cleared and filtered vector supernatant to the upper chamber of the 
Vivaspin 20 tube and centrifuge at 2800g for 2 h. 

5. Measure the volume of the remaining fluid with a 200-pL pipet. 

6. If the volume is larger than 200 pL, continue centrifugation. 

7. Once the desired concentration factor has been reached, the concentrated super¬ 
natant can be frozen in aliquots and titered as described in Subheading 3.2. The 
recovery rate is usually >90% {see Note 7). 

4. Notes 

1. We routinely use Qiagen columns to prepare plasmid DNA, but other isolation 
procedures giving pure DNA should work as well. If problems are encountered, 
the lipopoly saccharide (LPS)-free plasmid purification kit could be used. The 
plasmid DNA is eluted with injectable water, and we make sure that the DNA 
concentration of the plasmid preparation is around 1 pg/pL or higher. This reduces 
the effect of the buffer the DNA is dissolved in on the pH of the transfection 
cocktail. 

2. Although a high percentage of transfected 293T cells can be obtained with a vari¬ 
ety of transfection protocols, we obtained the highest vector titers with the cal¬ 
cium phosphate coprecipitation method. The number of plasmid molecules 
delivered to each transfected cell might be particularly high with this method. 
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allowing high expression and ensuring cotransfection of each cell with all pack¬ 
aging and vectors constructs. 

3. The pH is critical for the formation of fine CaP 04 -DNA precipitates. Therefore, 
for each new batch of 2x HBS buffer, we prepare 3 aliquots with pH values of 
7.10,7.12, and 7.14, respectively. Transfection efficiencies are compared, and the 
best aliquot is subsequently used. To avoid shifts in pH, freshly thawed 2x HBS 
and 2 MCaCl 2 as well as injectable water are used to set up the transfection cocktail. 

4. The medium is changed 4-6 h prior to transfection to standardize the pH of the 
medium at the time of transfection. Medium, that was stored with a lot of air 
above the liquid, was occasionally observed to give poor results. It is also advis¬ 
able to keep the number of cells plated constant. 

5. If transfection efficiency goes down, thawing fresh 293T ceils often solves the 
problem. 

6. For titration, 293A cells, which are a subclone of 293 cells, are used since they 
adhere very well to the plates and form good monolayers. Titers on 293A cells are 
higher than on those on 293T cells. 

7. We previously concentrated vectors by ultracentrifugation as described (19). How¬ 
ever, in our hands recovery rates were rather variable. If vector supernatants have 
to be concentrated more than 100-foId, ultracentrifugation should be used, since 
higher concentration by filtration leads to viscous solutions. 
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Cytoplasmic RNA Vector Derived 
from Nontransmissible Sendai Virus 

Production and Use 

Akihiro lida and Mamoru Hasegawa 
1. Introduction 

Sendai virus (SeV) is an enveloped virus with a nonsegmented negative- 
strand RNA genome of 15,384 nucleotides; it is a member of the Paramyxo- 
viridae family (1-3). The virus is pneumotropic in rodent species such as mice 
and rats, but no pathogenicity has been reported in humans. SeV has been uti¬ 
lized for generation of hybrid cells between mammalian cells of different spe¬ 
cies in vitro by use of its cell fusion activity, and it has contributed to somatic 
cell genetics (4). The inactivated SeV has been also used for generation of a 
fusogenic viral liposome (hemagglutinating virus of Japan, or Sendai virus 
[HVJ]-liposome), which aimed to improve the efficiency of liposome-medi¬ 
ated DNA transfer (5,6). 

One of the characteristics of SeV is that replication occurs exclusively in the 
cytoplasm of infected cells and does not go through a DNA phase; thus there is 
no concern for unwanted integration of foreign sequences into chromosomal 
DNA. No need to transfer genetic materials to nuclei of target cells might be 
another advantage. Therefore, we expect that SeV may be a safer and more 
efficient viral vector than existing vectors for application to human therapy in 
various fields including gene therapy. 

Methods to rescue infectious SeV from cloned cDNA were established by 
two groups in 1995 and 1996, respectively (7,8). Since then, suchreverse gene¬ 
tics technology allowed construction of genetically engineered SeVs, which 
carry additional foreign genes, and opened the way for the development of 
gene transfer vectors (Fig. 1). The addendum type of the vectors prepared by 
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SeV genome 


Addendum type 


transgene 

F-defective type 


EGFP 

Fig. 1. Schematics of the SeV genome structures of wild type as well as recombi¬ 
nant addendum and F-defective types. The SeV genome is 15,384 nt long and its genes 
(NP, P, M, F, HN, and L) are in order from 3' to 5' in the nonsegmented negative- 
strand RNA. Addendum type has been constructed and reported previously (9-14). In 
the F-defective type, the entire F gene has been removed by PCR strategy, and 
transgenes can be introduced in a unique Notl site between the leader sequence and the 
NP gene. The text describes the introduction of the enhanced green fluorescent protein 
(EGFP) reporter gene between the M and HN genes. 

this method have shown high efficiency of gene transfer and expression of 
foreign proteins in mammalian cells in vitro and in vivo (9-14). However, the 
recombinant SeVs constructed in these studies have contained all the viral 
structural genes and thus propagated virions that were fully infectious and capa¬ 
ble of spreading in animal bodies. 

We have recently succeeded in establishing a method of constructing 
nontransmissible SeV vectors capable of self-replication in infected cells but 
incapable of infecting neighboring cells. This novel type of vector has been 
shown to keep the same ability of gene introduction and expression and is thus 
expected to be useful in human therapy (15). 

1.1. Design of F-defective SeV Vectors 

The SeV genome has a leader and a trailer region at each of its 3' and 5' ends, 
and contains six major genes, which are lined up in tandem on single negative- 
strand RNA (Fig. 1). Initiation of replication and transcription of the viral genes 
occurs in the leader region in infected cells. SeV genomic RNA and the three 
virus proteins, the nucleoprotein (NP), phosphoprotein (P), and large protein 
(L; the catalytic subunit of RNA polymerase), form a ribonucleoprotein com- 



leader trailer 
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plex (RNP), which acts as a template for transcription and replication. Matrix 
protein (M) engages in the assembly and budding of viral particles. Two enve¬ 
lope glycoproteins, hemagglutinin-neuraminidase (HN) and fusion protein (F), 
mediate attachment of virions and penetration of RNPs into infected cells. FIN 
protein binds to the cell surface sialic acids and then liberates them to make 
asialo receptors. F protein is essential for the infectivity of SeV; it is synthe¬ 
sized as an inactive precursor protein, Fq^ and then split into Fj and F 2 by 
proteolytic cleavage of trypsin-like enzyme. In our intial design for nontrans- 
missible SeV vectors, we deleted the F gene from the SeV genome of the atten¬ 
uated Z strain (16) and replaced it with a reporter enhanced green fluorescence 
protein (EGFP) gene. EGFP expression was detectable in a single living cell, 
which allowed us to validate successful recovery of RNPs containing an F- 
defective RNA genome inside such cells. 

For expressing additional foreign gene(s) of interest, the gene can be 
inserted in a unique Not\ restriction enzyme cleavage site located between the 
start signal and the initiation ATG codon of the NP gene (9). The gene can be 
amplified by polymerase chain reaction (PCR) with transcriptional end (E) and 
restart (S) signals connected by a trinucleotide intergenic sequence at the 3' 
end and Not\ recognition sequences at both ends (9). The length of the frag¬ 
ment should be a multiple of 6 bp, following rule of six for efficient SeV repli¬ 
cation (17,18). 

1.2. Construction of the Packaging Ceii Line 

SeV F protein is required for the formation of infectious SeV particles. 
Therefore, recovery of SeV vectors from the RNA genome lacking the F gene 
has to be complemented with this gene in trans. We thus constructed an F- 
expressing packaging EEC-MK 2 cell line with a Cre//oxF’-inducible expres¬ 
sion system (19). EEC-MK 2 cells were transfected with the plasmid 
pCAENdEw/F (with the F gene located under the stuffer neo sequence, flanked 
by a pair of loxP sequences), and stable Neo'' clones were isolated. The recom¬ 
binant adenovirus vector AxCANCre expressing Cre recombinase (20) was 
infected into these neo'' clones at a multiplicity of infection (MOI) of 3. Seven 
of 15 clones expressed F protein inducibly; the clone that showed the highest F 
protein was designated EEC-MK 2 /F 7 and used as a packaging cell line for the 
F-defective SeV vectors. 

1.3. Generation of F-defective SeV Vectors 

For generating F-defective SeV vectors, we have devised the following pro¬ 
cedure, which consists of two steps (Fig. 2). The first step is to recover RNPs 
of F-defective RNA genome in EEC-MK 2 cells using a plasmid bearing F- 
defective cDNA and three other plasmids expressing NP, P, and E proteins. 
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step 2: Recovery of F-defective SeV vector 


Step 1: Generation of functional RNP 



pGEM-NP 

pSeV18*b(+)/AF-EGFP pGEM-P RNP 


Cationic liposome 


F-expressing 
packaging cells 

(LLC-MK2 /F7) 


F-defective SeV vector 


Fig. 2. System for generating the F-defective SeV vectors from SeV cDNAs carry¬ 
ing foreign genes. Step 1: LLC-MK 2 cells are transfected with SeV cDNA defective in 
the F gene and the three plasmids encoding viral proteins, NP, P, and L, under the 
transcriptional control of T7 RNA polymerase. The enzyme is provided by the recom¬ 
binant vaccinia virus vTF7-3 previously inactivated by psoralen and long-wave UV 
light (UV-vTF7-3). Transfection resulted in the formation of RNP complexes contain¬ 
ing an F-defective RNA genome. Step 2: The reconstituted functional RNPs in step 1 
are transfected into F-expressing LLC-MK 2 /F 7 cells with cationic liposome 
(DOSPER). RNP complexes are rescued to generate infectious viral particles (SeV 
vector), which are released into the supernatant of the cells. 

respectively. All these cDNAs were under transcriptional control of the T7 
promoter, which can be driven by T7 RNA polymerase from the recombinant 
vaccinia virus vTF7-3 (21). We confirmed the formation of functional RNPs 
by observing EGFP-expressing cells 3 days after transfection. Such cells were 
observed only when these four materials were cotransfected into LLC-MK 2 
cells. 

The second step is to transfect the RNPs into the F-expressing packaging 
cell line and to collect infectious particles (SeV vectors) from the supernatant. 
To raise the recovery efficiency of RNPs in the first step, we pretreated vTF7- 
3 with psoralen and long-wave UV irradiation. This treatment inactivated rep¬ 
lication capability of the viruses without impairing infectivity and T7 RNA 
polymerase expression (22). We estimated the recovery frequency by the 
method as described previously (7) using wild-type SeV cDNA and inoculat¬ 
ing the diluted lysates of transfected cells into embryonic hen eggs. With 
untreated vTF7-3, 1 infectious unit was detected from 10^ transfected cells (7). 
Flowever, with psoralen and long-wave UV-treated vTF7-3, 1 infectious unit 
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was formed from 10^ cells, indicating an improvement of nearly 100-fold. As 
to the F-defective SeV cDNA, the numbers of EGFP-expressing cells were 
scored to estimate the recovery efficiency of functional RNP. Under these con¬ 
ditions, such cells were detected approximately 1 in 10^ transfected cells. The 
lysates containing functional RNPs were obtained by freeze and thaw cycles, 
mixed with cationic liposome, and transfected into F protein-expressing LLC- 
MK 2 /F 7 cells. The infectious virus particles were recovered in the culture su¬ 
pernatant, and the recovery efficiency was at least 1 infectious unit from 10^ 
transfected cells. The particles were recovered only from LLC-MK 2 /F 7 cells 
cultured with trypsin. When the cells were cultured in the absence of trypsin, 
scattered EGFP expression signals were detected, but they did not spread 
to neighboring cells. After passaging the supernatant to EEC-MK 2 /F 7 cells, 
the infectious titer of the particles reached 0.5-1.0 x 10* cell infectious units 
(CIU)/mE. 

1.4. Introduction and Expression of the EGFP Gene 
by F-Defective SeV Vectors in Cuitured Ceiis 

SeV FIN protein interacts with sialic acids, which exist in glycoproteins and 
glycolipids on the cell surface as the receptor, and thus permits the vectors to 
enter into a wide variety of cell types. Indeed, EGFP in the F-defective SeV 
vector can be expressed in various normal human cells including smooth 
muscle cells, hepatocytes, and lung microvascular endothelial cells, and in pri¬ 
mary cultures of fetal rat hippocampal neurons. The infection are usually per¬ 
formed by incubating the cells for 1 h with an appropriate MOI of vector stock, 
after which the cells are incubated in complete medium. 

2. Materials 
2.1. Ceii Cuiture 

1. LLC-MK2 cell line (rhesus monkey kidney; ATCC CCL- 7 ) and LLC-MK2/F7 
cell line (see Subheading 1.2.): Cells were cultured at 37 °C in a humidified 5% 
CO2 atmosphere. 

2. MEM + 10% FCS: Eagle’s modified essential medium (MEM) supplemented 
with 10% heat-inactivated fetal calf serum (FCS), 100 U/mL penicillin, and 100 
pg/mL streptomycin sulfate. 

3. Cytosine arabinoside (Ara-C) stock solution: Dissolve Ara-C (Sigma) in H 2 O at 
40 mg/mL, filter-sterilize, and store at -20°C. 

4. 0.25% (w/v) trypsin solution. 

5. MEM + Ara-C + trypsin: MEM supplemented with Ara-C at 40 pg/mL (1:1000 
volume of Ara-C stock solution) and trypsin at 7.5 pg/mL (3:1000 volume of 
0.25% trypsin solution). 

6 . MEM + trypsin: MEM supplemented with trypsin at 7.5 pg/mL. 
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7. Phosphate-buffered saline (PBS): 170 mMNaCl, 3.4 mMKCl, 10 mMNa 2 HP 04 , 
and 1.8 mMKH 2 P 04 (pH 7.2). 

2.2. Psoralen and Long-Wave UV Light Inactivation 
of Recombinant Vaccinia Virus (UV-vTF7-3) 

1. Recombinant vaccinia virus stock (vTF7-3) {see Note 1). 

2. Bovine serum albumin fraction V solution (7.5% [w/v] BSA). 

3. 0.1% BSA/PBS: PBS containing 0.1% (w/v) BSA. 

4. STRATALINKER (Stratagene). 

5. Psoralen solution: Dissolve psolaren (Aldrich) in dimethyl sulfoxide (DMSO) at 
1 mg/mL and store 1-mL aliquots at -20°C in the dark. 

2.3. Inducible Expression of F Protein in LLC-MK 2 /F 7 Cells 

1. LLC-MK 2 /F 7 cells in 6-well tissue culture dishes. 

2. Recombinant adenovirus AxCANCre (RIKEN Gene Bank, RDB1748). 

3. Anti-SeV F protein monoclonal antibody (f-236) (23) {see Note 2). 

2.4. Generation of F-Defactive SeV Vectors 

1. Monolayers of LLC-MK 2 cells in 100-mm tissue culture dishes. 

2. Psoralen and long-wave UV-inactivated recombinant vaccinia virus vTF7-3 (UV- 
VTF7-3). 

3. SuperFect transfection reagent (Qiagen). 

4. DNA materials: The plasmids pSeV18^b(-i-)/AF-EGFP (F-defective SeV cDNA 
with EGFP gene) (15) and pGEM-NP, pGEM-P, and pGEM-L, expressing NP, 
P, and L, respectively (24) {see Note 3). 

5. Opti-MEM medium (Gibco-BRL). 

6. Monolayers of F protein-induced LLC-MK 2 /F 7 cells in 24-well tissue culture 
dishes. 

7. DOSPER liposomal transfection reagent (Roche Diagnostic). 

3. Methods 

3.1. Generation of F-Defactive SeV Vectors 

3.1.1. Preparation of Psoralen and Long-Wave UV-lnactivated 
Recombinant Vaccinia Virus 

1. Adjust the titer of vTF7-3 to 1 x 10* pfu/mL with 0.1% BSA/PBS. 

2. Add psoralen solution to the virus suspension at 0.3 |ag/mL and keep on ice for 10 
min. 

3. Transfer 1-mL aliquots of the virus suspension to 35-mm tissue culture dishes. 

4. Irradiate 350-nm long-wave UV light to the virus suspension for 20 min using 
STRATALINKER. 

5. Transfer 0.5-mL aliquots of the virus solution to 2-mL cryogenic vials and keep 
at -80°C until use. 
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3.1.2. Inducible Expression of F Protein in LLC-MK 2 /F 7 Cells 

1. Day 1: Plate 5 x 10^ LLC-MK 2 /F 7 cells in 6-well tissue culture dishes and cul¬ 
ture at 37°C overnight. 

2. Day 2: Wash the cells once with MEM and infect the recombinant adenovirus 
AxCANCre at a MOI of 3. Tilt the dishes every 15 min to ensure uniform distri¬ 
bution of the virus adsorption and incubate at 37°C for 1 h. Wash the cells once 
with MEM, add 2 mL of MEM + 10% ECS, and incubate at 37°C for 2 days. 

3. Day 4: Examine the expression of F protein by Western blotting using the anti-F 
protein monoclonal antibody f-236. The cells expressing F protein can be pas¬ 
saged within 20 generations in use for vector propagation. 

3.1.3. Generation of F-Defective Sel/ Vectors from cDNA Stocks 

1. Day 1: Plate 4 x 10®LLC-MK2 cells in 100-mm-diameter tissue culture dishes 
and incubate at 37°C overnight to 100% confluency. 

2. Day 2: Wash the cells once with MEM and infect them with vTF7-3 at an MOI of 
2. Tilt the dishes every 15 min at room temperature for 1 h to ensure uniform 
distribution of the virus adsorption. Wash the cells twice with MEM and trans¬ 
fect with a mixture containing pSeV18^b(-l-)/AF-EGFP (12 |ig), pGEM-NP (4 
jig), pGEM-P (2 jig), pGEM-L (4 jig), and 110 |lL of SuperFect transfection 
reagent in 200 |lL Opti-MEM, which was preincubated at room temperature for 
10 min in a 15-mL polystyrene tube. Maintain the transfected cells in 3 mL of 
Opti-MEM with 3% PCS for 3 h, then wash them once with MEM and incubate 
in 10 mL MEM containing 40 |lg/mL Ara-C for 60 h under 5% CO 2 conditions. 
(See Notes 4 and 5). 

3. Day 5: Examine EGFP expression of the transfected cells under fluorescence 
microscopy using a 450-490- and 500-550-nm exitation bandpass filter to vali¬ 
date the recovery of RNPs inside of the cells. Scrape the transfected cells from 
the dish, collect by centrifugation at lOOOg for 5 min, resuspend in 800 jlL Opti- 
MEM, and lyse by three cycles of freezing and thawing. Mix the lysate with 600 
|lL of Opti-MEM and 200 jlL of DOSPER in a 15-mL polystyrene tube for 15 
min at room temperature. Transfect the F-expressing LLC-MK 2 /F 7 cells in 24- 
well tissue culture dishes with 200 jiL each of the lysate mixture. 

4. Day 6: 24 h after the transfection, wash the cells once with MEM and incubate in 
0.5 mL MEM + Ara-C -I- trypsin for 3-6 days. 

5. Days 9-12: Examine the spread of EGFP-expressing cells under fluorescence 
microscopy. Determine the vector titer by the method described in Subheading 
3.3. The vector suspension can be passaged by addition of the supernatant to 
LLC-MK 2 /F 7 cells and incubation for 2-5 days in MEM - 1 - Ara-C - 1 - trypsin. After 
centrifugation of the supernatant at lOOOg for 5 min, aliquot the vector suspen¬ 
sion and store at -80°C as the vector stock. Determine the final vector titer as 
indicated in Subheading 3.3. after quick thawing of the stock in a tube at 37°C 
for 5 min (see Notes 6 and 7). 
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3.2. Propagation of F-Defactive SeV Vectors 

1. Day 1: Plate 5 x 10® cells of F protein-induced LLC-MK 2 /F 7 cells in lOO-mm 
tissue culture dishes and incubate overnight to approximately 100% confluency. 

2. Day 2: Wash the cells once with MEM and infect with the SeV vector stock at an 
MOI of 0.1-1. Tilt the dishes every 15 min to distribute the inoculum and incu¬ 
bate at 37°C for 1 h. Wash the cells once with MEM and add 10 mL MEM 
+ trypsin. Incubate the dishes at 37°C under 5% CO 2 conditions. 

3. Days 3-5: Harvest the supernatants every 24 h and replace with a fresh 10 mL of 
MEM -I- trypsin for 3 days. After centrifugation of the supernatant at lOOOg for 5 
min, aliquot the virus suspension, store at -80°C, and determine the vector titer. 

3.3. Titration of F-Defective SeV Vectors by Ceii Infectious Assay 

1 . Day 1: Plate 5x10® LLC-MK 2 cells in 6-well tissue culture dishes. 

2. Day 2: Prepare a series of tenfold dilutions of a vector stock in 1 mL MEM. Add 
the 100 juL of each dilution of the stock plus 900 |aL MEM to the cells in dupli¬ 
cate. Tilt the dishes every 20 min and incubate at 37°C for 1 h. Wash the cells 
once with MEM and add 2 mL MEM -I- 10% FCS. 

3. Day 4: Count the number of EGFP-expressing cells under a fluorescence micro¬ 
scope in triplicate. The total average number in the well can be obtained by mul¬ 
tiplying this number by total area/counted area. The titer can be expressed as 
CIU/mL. 

3.4. Infection of F-Defective SeV Vectors In Vitro 

1. Infect cells with a vector stock at an appropriate MOI. Tilt the dishes every 15 
min and incubate at 37°C for 1 h. Wash the cells once with MEM and add 10 mL 
complete medium. 

2. Incubate for several days and examine the expression of EGFP under a fluores¬ 
cence microscope and/or the gene(s) of interest by methods such as RT-PCR, 
Western blotting, or enzyme-linked immunosorbent assay. 

4. Notes 

1. The recombinant vaccinia virus vTF7-3 may be obtained from Dr. B. Moss 
(NIAID, NIH, Bethesda, MD). 

2. Anti-F protein monoclonal antibody f-236 can recognize Fg protein but not Fj or 
F 2 protein by Western blotting. The antibody can also be used for flow cytometric 
analysis of F-expressing cells. 

3. All plasmid DNA samples should be prepared through cesium chloride gradients 
or commercial kits by ion-exchange chromatography. 

4. The cytopathic effect by UV-vTF7-3 still exists and causes rounding and detach¬ 
ing of LLC-MK 2 cells. Care must be taken when washing and changing the 
medium. 

5. The ratio of NP-, P-, and L-expressing plasmids is an important determinant for 
the efficient recovery of RNP from SeV cDNA, as described in the ref. (7). 
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6 . The recombinant vaccinia virus vTF7-3 exists in SeV vector stock in early stages 
of passage even after the virus has been inactivated by psoralen and long-wave 
UV light. To remove the residual vaccinia virus, SeV vectors should be propa¬ 
gated in the medium containing Ara-C for several passages. The vaccinia virus 
can be detected by plaque assay (7). 

7. Recovery of vectors is dependent on several factors such as cell density, transfec¬ 
tion efficiency, and successful preparation of UV-vTF7-3. Improvements in the 
efficiency of the recovery procedure are in progress. 
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Preparation of Helper-Dependent 
Adenoviral Vectors 

Philip Ng, Robin J. Parks, and Frank L. Graham 


1. Introduction 

1.1. First-Generation Adenovirus Vector 

Adenoviruses (Ads) are exeellent mammalian gene transfer vectors because 
of their ability to infect efficiently a wide variety of quiescent and proliferating 
cell types from various species to direct high-level gene expression. Conse¬ 
quently, Ad vectors are extensively used as potential recombinant viral vac¬ 
cines, for high-level protein production in cultured cells and for gene therapy 
(1-4). First-generation Ad vectors typically have foreign DNA inserted in place 
of early region 1 (El). El-deleted vectors are replication deficient and are 
propagated in E1-complementing cells such as 293 (5). Although these vectors 
remain very useful for many applications, it has become clear that transgene 
expression in vivo is only transient. Several factors contribute to this, includ¬ 
ing strong innate and inflammatory responses to the vector (6,7), acute and 
chronic toxicity caused by low-level viral gene expression from the vector 
backbone (8), and generation of anti-Ad cytotoxic T-lymphocytes caused by 
de novo viral gene expression (9-12) or processing of virion proteins (13). 
Although high-level transient transgene expression afforded by first-genera¬ 
tion Ad vectors may be adequate, or even desirable, for many gene transfer and 
gene therapy applications, the transient nature of expression kinetics renders 
these vectors unsuitable when prolonged, stable expression is required. 

1.2. Heiper-Dependent Adenovirus Vector 

In principle, the simplest way to eliminate Ad-induced toxicity caused by 
expression of viral proteins is to remove all viral coding sequences from the 
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Fig. 1. The Cre//oxP system for generating HD vectors. 293Cre cells are coinfected 
with the HD vector and a helper virus bearing a packaging signal flanked by /oxP sites. 
Cre-mediated excision of the packaging signal (\|/) renders the helper virus genome 
unpackageable but does not interfere with its ability to provide all the necessary trans¬ 
acting factors for propagation of the HD vector. The titer of the HD vector is increased 
by serial passage in helper virus-infected 293Cre cells. The HD vector need contain 
only those Ad cw-acting elements required for DNA replication (ITRs) and 
encapsidation (\|/); the remainder of the genome consists of the desired transgene and 
non-Ad stuffer sequences. 


vector. In the absence of cell lines that contain and express the entire Ad 
genome, a “helper” Ad is required to provide all necessary functions in trans 
for propagation of these fully deleted, helper-dependent (HD) vectors. The only 
Ad sequences required in cis for viral replication are the inverted terminal 
repeats (ITRs) necessary for DNA replication and the packaging signal (\|/) 
necessary for encapsidation of the vector genome. These cA-acting elements 
amount to only 500 bp. HD vectors retain all the benefits of first-generation Ad 
vectors but have the added advantage of increased cloning capacity (37 kb), 
and it is now becoming clear that they offer the potential for reduced toxicity 
and prolonged, stable transgene expression (14-21). The purpose of this chap¬ 
ter is to provide a detailed protocol for the preparation of HD vectors. The 
reader is referred elsewhere for excellent, comprehensive reviews on HD vec¬ 
tors (22,23). 
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1.3. Overview of the Helper-Dependent Adenovirus 
Vector System 

A critical feature of this system is a method of inhibiting helper virus propa¬ 
gation without interfering with its ability to provide helper functions for propa¬ 
gation of the HD vector. To date, the most efficient means of achieving this 
goal is the Cre//oxP method developed by Graham and co-workers (Fig, 1) 
(24). In this system the packaging signal of the helper virus is flanked by loxF 
sites. Thus, following infection of 293 cells expressing Cre recombinase, such 
as 293Cre4 cells (25), the packaging signal is excised from the helper virus by 
Cre-mediated site-specific recombination between the /oxP sites, rendering the 
genome unpackageable. However, the ability of the viral DNA to replicate and 
provide helper functions in trans for propagation of a coinfected HD vector is 
not impaired. The titer of the HD vector is increased by serial coinfection of 
293Cre cells with the HD vector and the helper virus. In the last step, the HD 
vector is purified by CsCl ultracentrifugation. Although a number of factors 
can influence the yield and purity of HD vectors {see Subheading 3.), typi¬ 
cally about 10'°-10" virus particles are produced per 150-mm dish of 
coinfected cells with a helper virus contamination level of <0.1% using the 
method described in Subheading 3. 

2. Materials 

2.1. Cell Culture 

1. Low-passage 293 and 293Cre4 cells. 

2. Complete medium; Minimum essential medium (MEM; Gibco-BRL cat. no. 
61100) containing 10% fetal bovine serum (FBS) (heat inactivated), 100 U/mL 
penicillin/streptomycin, 2 mM L-glutamine, and 2.5 pg/mL fungizone. 

3. G418. 

4. Citric saline: 135 mM KCl, 15 mM sodium citrate, autoclave-sterilized 

2.2. Helper-Dependent Adenovirus Vector 

The helper-dependent vector contains the expression cassette of interest and 
500 bp of cA-acting Ad sequences necessary for vector DNA replication (ITRs) 
and packaging (\|/). In addition to these minimal Ad sequences, Sandig et al. 
(26) have shown that inclusion of a small segment of noncoding Ad sequence 
from the E4 region adjacent to the right ITR increases vector yields, possibly 
by enhancing packaging of the vector DNA. 

The size of the vector is an important consideration. For efficient packaging 
the Ad DNA should be between 75% (>27 kb) (27) and 105% (<37.8 kb) (28) 
of the wild type. Vector backbones outside this range may undergo rearrange¬ 
ments or may not be efficiently packaged, if at all. Thus, the vector must often 
include stuffer DNA if the genes or cassettes to be cloned are relatively small. 


A 









AdC4HSULacZ 
29962 bp 


B 

^ -tp Stuffer 

\o^ \d^ AEl AES 

AdLCScluc 
35397 bp 

Fig. 2. (A) The plasmid pC4HSULacZ contains an HD vector genome bearing a 
LacZ reporter gene and was constructed by inserting the LacZ expression cassette into 
the HD vector plasmid backbone pC4HSU (26). The HD vector genome is liberated 
from the bacterial sequences by restriction enzyme digestion, and HD vectors 
(AdC4HSULacZ) are generated following transfection of the linear vector DNA into 
293Cre cells and infection with the helper virus. (B) The helper virus, AdLCScluc (24) 
is a first-generation Ad virus (El-deleted) bearing a packaging signal (i]/) flanked by 
loxV sites. Following infection of 293Cre cells, the helper virus genome is rendered 
unpackageable due to excision of the packaging signal by Cre-mediated site-specific 
recombination between the lox? sites; however, its ability to replicate and provide all 
necessary frcw^-acting factors for propagation of an HD vector is unimpaired. A fire¬ 
fly luciferase expression cassette, which serves as a stuffer sequence, is inserted in 
place of the E3 region to prevent the formation of replication-competent Ad (RCA; 
EH). Small black arrows represent Ad ITR. \|/ represents the packaging signal. 
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The choice of staffer DNA is important with regard to vector stability and 
replication efficiency (26,29). Although it remains unclear what constitutes a 
good staffer, in general, noncoding eukaryotic DNA is preferable; repetitive 
elements and unnecessary homology with the helper virus should be avoided 
to ensure vector stability and prolonged transgene expression. 

In addition to the absolute size of the HD vector, its relative size compared 
with the helper virus is an important consideration. This is because Cre-medi- 
ated selection against the helper virus, although efficient, is not absolute. If the 
genome size of the HD vector is sufficiently different from that of the helper 
virus, then the two species can be physically separated by CsCl ultracentrifu¬ 
gation based on their different buoyant densities. HD vectors between 28 and 
31 kb are ideal because they are efficiently packaged and easily separated from 
residual helper viruses (35-37 kb) following CsCl ultracentrifugation. 

The HD vector is initially constructed as a bacterial plasmid (Fig. 2A) such 
that the vector genome can be liberated from the bacterial sequences prior to 
transfection of293Cre4 cells by restriction enzyme digestion {see Subheading 

3.2, ). The restriction enzyme sites are located immediately adjacent to the ITRs. 
Obviously, the restriction enzyme used should not cleave elsewhere in the vec¬ 
tor genome. The HD vector plasmid DNA used for transfection should be of 
high quality. (DNA purification by CsCl gradient centrifugation is the method 
of choice in our laboratory.) 

2.3. Helper Virus 

The helper virus is a first-generation Ad (El-deleted) with its packaging 
signal flanked by loxP sites (Fig. 2B). As with all first-generation Ad vectors 
propagated in 293 or 293Cre4 cells, the potential exists for the generation of 
replication-competent Ad (RCA; EH) as a consequence of homologous recom¬ 
bination between the helper virus and the Ad sequences present in 293 cells. 
To prevent the formation of RCA, a staffer sequence is inserted into the E3 
region to render any EH recombinants too large to be packaged (24) . The size 
of the staffer should be chosen such that the total size of the helper virus 
genome is <105% of the wild type but >105% following homologous recombi¬ 
nation with Ad sequences in the 293 cells. The choice of sequence used as 
staffer in the E3 region may be important, as it has been observed that some 
sequences result in poor virus propagation, probably because of interference 
with fiber expression (F. E. Graham; unpublished results). Although it remains 
unclear what sequences constitute a good E3 staffer, in general, noncoding 
sequences with no homology to the HD vector are desirable. A number of 
sequences have been found to be stable and not to affect virus propagation 
adversely (24,26,30). 

It is important that helper virus stocks be derived from plaque-purified iso¬ 
lates since any variants present may be preferentially amplified during serial 
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passage. High-titer stocks should be purifed by CsCl ultracentrifiigation, dia¬ 
lyzed against 10 mM Tris-HCl, pH 8.0, supplemented with glycerol to 10%, 
and stored in aliquots at -70°C. Working stocks are diluted (to 2x10^ plaque¬ 
forming units [pfu]/mL) in PBS^+ supplemented with glycerol to 10% and 
stored in small aliquots at -70°C {see Note 1). 

2.4. Rescue and Amplification of HD Adenovirus Vector 

1. Monolayers of 293Cre4 cells at 90% confluency in 60-mm dishes. 

2. HEPES-buffered saline (HBS): 21 mMHEPES, 137 mMNaCl, 5 mMKCl, 0.7 
mMNa 2 HP 04 , 5.5 mM glucose, pH 7.1 (adjusted with NaOH), fdter-sterilized. 
Store in small aliquots at 4°C in tightly sealed conical plastic tubes. 

3. TE: 10 mM Tris-HCl, pH 8.0, 1 mMEDTA, pH 8.0, autoclave sterilized. 

4. Salmon sperm DNA (2 pg/pL in TE). 

5. 2.5 MCaCl 2 , filter-sterilized. Store in small aliquots at 4°C in tightly sealed coni¬ 
cal tubes. 

6. Complete medium (^ee Subheading 2.1.). 

7. Maintenance medium: MEM (Gibco-BRL, cat. no. 61100) containing 5% horse 
serum (HS) (heat inactivated), 100 U/mL penicillin/streptomycin, 2 mM 
L-glutamine, and 2.5 pg/mL fungizone. 

8 . HD vector plasmid DNA {see Subheading 2.2.). 

9. Helper virus (diluted working stock) {see Subheading 2.3.). 

10. Phosphate-buffered saline (PBS): 137 mM NaCl, 8.2 mM Na 2 HP 04 , 1.5 mM 
KH 2 PO 4 , 2.7 mMKCl, autoclave-sterilized. 

11. PBS^^: PBS supplemented with 0.01 vol 68 mM sterile MgCl 2 and 0.01 vol 50 
mM sterile CaCl 2 . 

12. Pronase solution: 20 mg/mL pronase in 10 mMTris-HCl, pH 7.5. Preincubate at 
56°C for 15 min followed by 37°C for 1 h. Aliquot and store at -20°C. 

13. Pronase-sodium dodecyl sulfate (SDS) solution: 0.5 mg/mL pronase (above) in 
0.5% SDS, 10 mMTris-HCl, pH 7.4, 10 mMEDTA, pH 8.0. 

14. 40% sucrose solution, filter-sterilize. 

15. P-gal fix solution: 0.2% glutaraldehyde, 2% paraformaldehyde, 2 mMMgCXj in 
PBS (optional). 

16. P-gal stain solution: 5 mMK 4 Fe(CN) 6 , 5 mMK 3 Fe(CN) 6 , 2 mMMgCl 2 in PBS 
(optional). 

17. X-gal: 20 mg/mL in A,A’-dimethylformamide (optional). 

2.5. Large Scale Isolation and Purification 
of Helper-Dependent Vector 

1 . 1 50-mm dishes of 90% confluent 293Cre4 cells. The number of dishes is dictated 
by the amount of HD vector desired. 

2. Helper virus (high-titer stock) {see Subheading 2.3.). 

3. 10 and 100 mMTris-HCl, pH 8.0, autoclave sterilized. 

4. 5% sodium deoxycholate, filter sterilize. 
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5. 2 MMgCl 2 , autoclave sterilize. 

6 . DNAase I: 100 mg bovine pancreatic deoxyribonuclease 1 in 10 mL of 20 mM 
Tris-HCl, pH 7.4, 50 mMNaCl, 1 mMdithiothreitol, 0.1 mg/mL BSA, 50% glyc¬ 
erol. Aliquot and stored at -20°C. 

7. CsCl solutions: 

Density (g/mL) CsCl (g) lOmM Tris HCl, pH 8.0 


1.5 

1.35 

1.25 


90.8 


109.2 

129.6 

146.0 


70.4 

54.0 


Dissolve CsCl into 10 mM Tris-HCl, pH 8.0, solution in the amounts indicated 
above to achieve the desired density solution, and filter sterilize. Weigh 1.00 mL 
to confirm density. 

8 . Glycerol, autoclave-sterilized. 

9. Beckman SW41 rotor and ultraclear tubes. 

10. Beckman SW 50.1 rotor and ultraclear tubes. 

11. Slide-A-Lyzer dialysis cassettes (Pierce). 

3. Methods 

3.1. Cell Culture 

Low-passage 293 and 293Cre4 cells are maintained in 150-mm dishes and 
split 1 to 2 or 1 to 3 when they reach 90% confluency (every 3-4 days). 293Cre4 
cells are maintained under 0.4 mg/mL G418 selection. In general, an approx 
90% confluent 150-mm dish of 293 or 293Cre4 cells is split into eight and six 
60-mm dishes, respectively, for use the next day for transfections or infections. 

1. Remove medium from 150-mm dish of cells. 

2. Rinse monolayer with 5 mL citric saline (twice for 293 cells and once for 293Cre4 
cells). 

3. Remove citric saline from step 2, add 0.5 mL citric saline, and leave dish at room 
temperature until cells start to round up and detach from dish (no more than 15 
min). 

4. Tap the sides of the dishes to detach all cells. 

5. Resuspend cells in complete medium (supplemented with 0.4 mg/mL G418 for 
293Cre4 cells) and distribute into new dishes. 

3.2. Helper-Dependent Vector Amplification 

Amplification of the HD vector is initiated by transfection of 293Cre4 cells 
with the HD vector plasmid and infection with the helper virus (see Note 2). 
Subsequently, serial passages involving coinfection of 293Cre4 cells with the 
helper virus and the HD vector are performed to increase the titer of the HD 
vector. Optional: Ideally, the titer of the HD vector would be ascertained after 
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Transfect with 5 \xg 
HD vector plasmid 




Infect with helper virus 
at moi 5,0 pfU/cell 
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Extract DNA sample 
for Southern analysis 


Infect with 
HD vector 



Infect with helper virus 
at moi 1.0 pfu/ml 


Passage 1 



Extract DNA sample 
for Southern analysis 


Infect with 
HD vector 



Infect with helper virus 
at moi 1.0 pfu/ml 


Passage 2 



Extract DNA sample 
for Southern analysis 


I 

Continue for six to eight serial passages 

Fig. 3. Overview of the protocol for rescue and amplification of an HD vector by 
serial coinfection with a helper virus. 


each serial passage to ensure that the amplification is progressing as expected. 
However, since most transgenes cannot be quickly and easily assayed, an HD 
vector containing a reporter gene can be amplified in parallel {see Note 3). 
Although the titer of the reporter vector does not necessarily reflect that of the 
vector of interest, this is nevertheless a useful control to ensure that the system 
is functioning properly. We use a LacZ reporter because vector titers can be 
quickly ascertained following each serial passage during vector amplification. 
The following protocol (Fig. 3) is for the rescue and amplification of one HD 
vector and should be modified accordingly for more vectors (e.g., to include 
control LacZ vector, or others). 

1. Seed 293Cre4 cells into a 60-mm dish to reach 90% confluency in 1 or 2 days for 
transfection in complete medium (no G418). 

2. Completely digest 5 pg of the HD vector plasmid with the appropriate restriction 
enzyme in a total volume of 25 pL and then heat to 65°C for 20 min. The digested 
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DNA can be stored at 4°C for transfection the next day. A small amount (0.5 |aL) 
of the digested DNA is visualized by ethidium bromide staining following agar¬ 
ose gel electrophoresis to confirm complete digestion. 

3. One hour prior to transfection, replace the medium from the 60-mm dish of 
293Cre4 cells with 5 mL of freshly prepared complete medium without washing. 

4. Set up the transfection reaction by adding 5 pg salmon sperm DNA to 0.5 mL 
HBS buffer in a polystyrene tube. Vortex the solution for 1 min at maximum 
setting. Then add the digestion reaction from step 2 containing the HD vector 
and mix thoroughly but gently. 

5. Add 25 pL of 2.5 M CaCl 2 dropwise with mixing. The solution should appear 
slightly cloudy. Incubate the solution at room temperature for 30 min and then 
apply 0.5 mL of the solution dropwise to the monolayer of 293Cre4 cells without 
removing the medium. Rock the dish to distribute the precipitate evenly and 
return the dish to the incubator for 6 h or overnight if more convenient. 

6 . Remove the medium from the transfected monolayer and wash twice with 1.0 
mL freshly prepared complete medium. Immediately infect the transfected cells 
with the helper virus at a multiplicity of infection (MOI) of 5 pfu/cell in a total 
volume of 0.2 mL (supplemented with PBS^^). Adsorb for 1 h in the incubator, 
rocking the dishes occasionally (every 10-15 min). 

7. Following adsorption, add 5 mL of maintenance medium to the monolayer. 

8 . Complete cytopathic effect (CPE; >90% of the cells rounded up and detached 
from the dish) should be observed by about 48 h postinfection, at which time the 
cells are scraped into the medium. Then transfer 1 mL of the cell suspension to a 
microfuge tube for extraction of total DNA to monitor vector amplification {see 
Subheading 3.3.1.) and transfer the remainder into a 15-mL polypropylene tube 
and store at -70°C after adding 0.1 vol 40% sucrose. 

9. Thaw the lysate at 37°C and use 0.4 mL to coinfect a 60-mm dish of 90% 
confluent 293Cre4 cells with helper virus at an MOI of 1 pfu/cell. Adsorb for 1 h 
in the incubator, occasionally rocking the dishes. Add 5 mL of maintenance 
medium to the monolayer 1 h postinfection. Optional: For the LacZ control vec¬ 
tor, infect a 60-mm dish of 90% confluent 293 cells with an appropriate volume 
(start with 0.4 mL of the transfection/infection lysate and reduce volume accord¬ 
ingly as the titer increases with serial passage) of the lysate (no helper virus is 
added) as described above. Twenty-four hours later, remove the medium and fix 
the monolayer by adding 1 mL of P-gal fix solution and incubating the dish at 
37°C for 5 min. Remove the P-gal fix solution and add 2 mL of P-gal stain solu¬ 
tion supplemented with 0.5 mg/mL X-gal. Incubate the dishes at room tempera¬ 
ture in the dark and determine the vector titer the next day by counting blue cells. 

10. For serial passages of the vector, complete CPE should be observed by about 48 
h postcoinfection {see Note 4), at which time the cells are scraped into the me¬ 
dium. Transfer 1 mL of the cell suspension to a microfuge tube for extraction of 
total DNA {see Subheading 3.3.1.), and transfer the remainder to a 15-mL 
polypropylene tube and store it at -70°C after adding 0.1 vol 40% sucrose. Repeat 
steps 9 and 10 to increase the titer of the HD vector. Typically, the vector 
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Serial Passage Number 

Fig. 4. Amplification of the HD vector AdC4HSULacZ by serial passage using 
AdLCScluc-infected 293Cre4 cells. The titer (blue-forming units [bfu]/mL) of the HD 
vector was determined at each passage, as described in Subheading 3.2. 


titer increases 10- to 100-fold per passage, and six to eight serial passages are 
performed (Fig. 4) {see Note 5). 

3.3. Monitoring Heiper-Dependent Vector Ampiification 

Once six to eight serial passages have been performed, a passage is chosen 
for large-scale preparation of the vector. Ideally, this passage should contain 
the maximum amount of HD vector and the minimum amount of helper virus. 
To determine which passage best meets these criteria, the amounts of vector 
DNA and helper DNA are determined by Southern blot analysis of the DNA 
extracted from each passage {see Note 6 for an alternative procedure to expe¬ 
dite vector production). 

3.3.1. Extraction of Total DNA 

1 . Spin lysate collected as in Subheading 3.2., steps 8 and 10, in a microcentrifuge 
for 5 min at 750g to pellet infected cells. 

2. Discard the supernatant and add 200 pL of pronase-SDS solution {see Subhead¬ 
ing 2.4.) to pellet. 

3. Resuspend the cell pellet and incubate overnight at 37°C. 

4. Add 200 pL dHjO and precipitate DNA by adding 1 mL 95% ethanol. Mix by 
inverting the tube until a visible precipitate is formed. 

5. Pellet the DNA by spinning in a microcentrifuge for 2 min at maximum speed. 

6 . Wash the DNA twice with 70% ethanol and dry. 
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7. Resuspend the DNA in an appropriate volume (usually 30-35 |aL) of TE (see 
Note 7). 

We use Southern blot hybridization analysis with a packaging signal probe 
to determine the relative amount of potentially packageable HD vector and 
helper virus genomes in each passage (Fig. 5) (see Note 8). PCR-based meth¬ 
ods may also be used for this purpose (26). Large-scale preparation of the HD 
vector is performed on the passage with the highest HD vector to helper virus 
ratio {see Subheading 3.4,). If several passages meet this criterion, then the 
earliest passage should be chosen since the chance of rearrangement of either 
the vector or helper may increase with higher passage numbers. 

3.4. Large Scale Preparation and Purification 
of Helper-Dependent Vector 

Once the optimal passage has been determined as described in Subheading 
3.3., large-scale preparation of the HD vector can be performed. This is accom¬ 
plished by coinfecting 150-mm dishes of 90% confluent 293Cre4 cells (seeded 
1-2 days previously in nonselective complete medium) with 1 mL of lysate 
from the passage previous (relative to the optimum passage) and helper virus at 
an MOI of 1 pfu/cell. (High-titer stock is typically used to minimize the vol¬ 
ume.) Cells are coinfected for 1 h in the incubator and the dishes are rocked 
every 10-15 min, following which 15 mL of maintenance medium is added to 
each dish. The amount of HD vector desired dictates the number of dishes 
coinfected. As more dishes are required, more lysate from the previous pas¬ 
sage will be required. This necessitates repeating and scaling up the appropri¬ 
ate earlier passages to generate enough inoculum {see Note 9). Complete CPE 
should be observed 48 h postinfection, at which time the cells are scraped into 
the medium and the cell suspension is harvested for extraction and purification 
of the HD vector. The protocol given below is for processing up to 20 150-mm 
dishes and should be scaled up accordingly for more dishes. 

1. Harvest cells and medium into a suitable centrifuge bottle and centrifuge at 750g 
for 10 min. 

2. Discard supernatant and resuspend cell pellet with 10 mL of 100 mM Tris-HCl, 
pH 8.0, and transfer into a 50-mL conical tube. Samples can be stored at -70°C. 

3. Thaw samples if necessary and add 1 mL 5% sodium deoxycholate to lyse cells. 
Incubate at room temperature for 30 min with occasional mixing. The lysate 
should become highly viscous. 

4. Add 100 pL 2 MMgC \2 and 50 pL DNAase I to digest the cellular and unpackaged 
viral DNA. Incubate at 37°C for 1 h mixing every 10 min. The viscosity should 
be greatly reduced. 


AdLCScluc 


E3 staffer 


probe Ip 


%/I(1036 bp) 


AdC4IISULacZ 


probe rp 


LaeZ 

Sg/I(1590 bp) 



Fig. 5. Analysis of amplification of AdC4HSULacZ by serial passage using 
AdLCScluc-infected 293Cre4 cells. (A) Bgll restriction map of AdC4HSULacZ and 
AdLCScluc. Probe \\f is composed of two synthetic oligonucleotides: 

5' CCG GTG TAG ACA GGA AGT GAG AAT TTT CGC GCG GTT TTA GGC 
GGA TGT TGT AGT AAA TTT GGG CGT AAC GGA GTA AGA TTT GGC CAT 
TTT CGC GGG AAA ACT GAA TAA GAG GAA GTG AAA TCT GAA TAA TTT 
TGT GTT ACT CAT AGC GCG TAA T 3' 
and 
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5. Spin the lysate at maximum speed for 15 min at 5°C in a Beckman tabletop cen¬ 
trifuge. 

6 . Meanwhile, prepare CsCl step gradient (1 Beckman SW41 Ti ultraclear tube for 
each 5 mL of lysate): Add 0.5 mL of 1.5 g/mL solution to tube. Gently overlay 
with 3 mL of 1.35 g/mL solution. Gently overlay 3 mL of 1.25 g/mL solution. 

7. Apply 5 mL of supernatant from step 5 to the top of the gradient. If necessary, 
top up the tubes with 100 mMTris-HCl, pH 8.0. 

8 . Spin at 35,000 rpm in a Beckman SW41 Ti rotor (151,000g) for 1 h at 10°C. 

9. Collect virus band (should be at 1.25/1.35 interface) with a needle and syringe by 
piercing the side of the tube. The volume collected is unimportant at this stage, so 
try to recover as much of the virus band as possible. Pool virus bands, if more 
than one tube was used, into a Beckman SW 50.1 ultraclear tube. 

10. Fill the tube with 1.35 g/mL solution and centrifuge in a Beckman SW 50.1 rotor 
at 35,000 rpm (151,000g) for 16-24 h at 4°C. 

11. To collect the virus band, puncture the side of the tube just below the virus band 
with a needle and syringe. Collect the virus band in the smallest volume possible 
and transfer to a Slide-A-Lyzer dialysis cassette. Dialyze at 4°C against three 
changes of 500 mL 10 mMTris-HCl, pH 8.0, for at least 24 h total. 

12. Transfer the virus into a suitable vial and add sterile glycerol to a final concentra¬ 
tion of 10%. Store at -70°C. 

Typically, only one virus band is visible after step 11. However, on occa¬ 
sion, more than one band may be observed. In this case, the HD vector is 
expected to be the higher band (lower buoyant density), and the helper virus is 
expected to be the lower band (higher buoyant density) because of differences 


5' A TTA CGC GCT ATG AGT AAC ACA AAA TTA TTC AGA TTT CAC TTC 
CTC TTA TTC AGT TTT CCC GCG AAA ATG GCC AAA TCT TAG TCG GTT 
ACG CCC AAA TTT ACT ACA ACA TCC GCC TAA AAC CGC GCG AAA ATT 
GTC ACT TCC TGT GTA CAC CGG 3'. 

These are 100% homologous to the packaging signals of AdC4HSULacZ and 
AdLC8cluc. (B) Approximately equivalent amounts of total DNA (as determined by 
ODjso) extracted from each passage were digested with Bgll, and the DNA fragments 
were separated by electrophoresis through a 1% agarose gel. 293 + AdLCScluc repre¬ 
sents total DNA extracted from AdLCScluc-infected 293 cells, and 293Cre4 + 
AdLC8cluc represents total DNA extracted from AdLC8cluc-infected 293Cre4 cells. 
Serial passage number 0 refers to the initial transfection/infection. pC4HSULacZ was 
digested with Pmel and Bgll. M, 1 kb PLUS DNA Marker (Gibco-BRL). (C) DNA 
from the agarose gel depicted in (B) was transferred to a nylon membrane and sub¬ 
jected to Southern blot hybridization analysis using the [a-^^P]dCTP random prime- 
labeled probe \|/. The band visible between 0.85 and 0.65 kb is not packaged and may 
represent the excised circular DNA bearing the packaging signal from AdLC8cluc (P. 
Ng and F. Graham, unpublished results). 
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in their genome size (see Subheading 2.2.), All bands should be collected for 
analysis (see Note 10). If necessary, step 10 may be repeated to achieve higher 
purity. 

3.5. Helper-Dependent Vector Characterization 

Following purification of the HD vector, several basic characterizations 
should be performed: 1) the concentration of virus particles should be deter¬ 
mined; 2) the DNA structure should be analyzed to confirm that the vector has 
not rearranged; and 3) the level of helper virus contamination should be ascer¬ 
tained. 

The concentration of vector particles in the purified preparation is deter¬ 
mined spectrophotometrically as follows: 

1. Dilute (usually 20-fold) purified viras with TE supplemented with SDS to 0.1%. 
Set up blank the same except add virus storage buffer (10 rtiM Tris-HCl, pH 8.0, 
supplemented with glycerol to 10%) instead of virus. 

2. Incubate for 10 min at 56°C. 

3. Vortex sample briefly. 

4. Determine OD 26 o- 

5. Calculate the number of particles/mL based on the extinction coefficient of wild- 
type Ad as determined by Maizel et al. (31) and corrected for the size difference 
between wild-type Ad and the HD vector as follows: 

(OD 26 o)(dilution factor)(l.l x 10'^)(36)/(size of vector in kb) 

Virion DNA is extracted and analyzed to confirm the proper structure and 
the level of helper virus contamination as follows: 

1. Add an appropriate volume (25-100 pL depending on the vector concentration) 
of the purified virus to 0.4 mL of pronase-SDS solution and incubate overnight at 
37°C to lyse the virions and digest virion proteins. 

2. Precipitate virion DNA by adding 1/10 vol 3 MNaAcetate, pH 5.2, and 2.5 vol 
95% ethanol and incubate at -20°C for 15-30 min. 

3. Spin in a microcentrifuge for 10-15 min at maximum speed. 

4. Discard the supernatant and wash the DNA pellet twice with 70% ethanol. 

5. Dry the DNA pellet and resuspend in an appropriate volume of TE. 

A sample of the vector DNA is digested with the appropriate diagnostic 
restriction enzyme(s) and the structure of the DNA is confirmed by ethidium 
bromide staining following agarose gel electrophoresis (see Note 11). To deter¬ 
mine the level of helper virus contamination, the DNA can be transferred to a 
suitable membrane for Southern blot analysis with the packaging signal probe, 
and the relative intensities of the HD vector and helper virus-derived bands can 
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be compared by phosphoimager analysis. Alternatively, PCR-based methods 
can be used ( 26 ). The amount of helper virus can also be ascertained by deter¬ 
mining the number of pfu/mL following titration on 293 cells. However, a com¬ 
parable unit of measurement for the HD vector cannot be obtained by this 
method. 

In addition to these standard characterizations, the biologic activity of the 
HD vector, with respect to expression of the transgene of interest, should also 
be determined. This will be unique to the vector in question, and appropriate 
assays should be employed in each case. 

4. Notes 

1. It is essential that the helper virus titer be accurately known. Thus, duplicate, 
independent titrations should be performed on both the high-titer and diluted 
working stocks. 

2. High transfection efficiency is important for achieving a high initial concentra¬ 
tion of vector for subsequent amplification. We use the calcium-phosphate 
coprecipitation method (32), but other methods may also be suitable. 

3. The reporter vector and the vector of interest should be as similar as possible (i.e., 
same backbone, site, and orientation of transgene insertion, similar size, and 
so on). 

4. If complete CPE is not observed by 48 h post infection, then the titer of the helper 
virus is probably lower than expected. If complete CPE was observed for previous 
passages, then discard the current working stock of diluted helper virus and repeat 
the passage using a different aliquot. Otherwise retitrate the helper virus and start 
the amplification over. 

5. The titer of a LacZ vector typically reaches a peak of 10*-10^ blue-forming units 
(bfu)/mL. With subsequent passages, the titer may fluctuate (cf Fig. 4) but should 
not drop and remain below lO^bfu/mL. 

6. We have observed that the amplification kinetics of a LacZ control vector closely 
parallel that of many HD vectors when the conditions in Note 3 have been met 
(unpublished results). Therefore, to expedite vector production, large-scale vector 
preparation (see Subheading 3.4.) may be performed on the passage number of 
the HD vector that is equivalent to the passage number of the LacZ control vector 
when peak titer is first reached. 

7. DNA prepared by this method does not dissolve easily. Heat the DNA at 65°C 
with occasional vortexing at maximum setting until dissolved. 

8. Do not misinterpret results from eithium bromide-stained gels (Fig. SB); the pres¬ 
ence of helper virus-specific DNA fragments does not necessarily imply the pres¬ 
ence of infectious helper virions since viral DNA from which the packaging signal 
has been excised can still replicate. For example, in Figure SB, comparable 
amounts of helper virus DNA are observed in the control lanes (293 + AdLC8cluc 
and 293Cre4 -i- AdLCScluc). However, Southern analysis with a packaging signal 
probe, which hybridizes equally to the packaging signals of both the HD vector 
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and the helper virus, reveals that the amount of potentially packageable helper 
virus genomes is drastically lower (Fig. 5C). Furthermore, if total DNA is ana¬ 
lyzed, as in Figure 5, this method cannot accurately determine the level of helper 
contamination since all DNA molecules containing the packaging signal will 
hybridize to the probe but may or may not be packaged. Also, any differences in 
packaging efficiencies will render such comparisons invalid. In contrast, if DNA 
extracted from virions is used for this analysis (e.g., from CsCl-purified virus; see 
Subheading 3.4.), then direct comparison between the intensity of the HD vector 
and helper virus-derived bands should be an accurate measure of the level of helper 
virus contamination. Although an effort should be made to load the same amount 
of DNA in each lane, there nevertheless may be variability, thus rendering com¬ 
parisons between lanes not strictly valid. 

9. The amplification kinetics for a given HD vector are fairly predictable. Therefore, 
once this has been established, scale-up can begin at the appropriate passage for 
future amplifications of that HD vector to avoid repeating and scaling up previous 
passages. 

10. The higher virus band is collected first and, without removing the syringe from 
the tube, the lower band collected next with a second syringe. Care must be taken 
to collect the vector from the gradient with minimal contamination from the 
helper, even if only one band is visible. 

11. If the amount of extracted virion DNA is low, then the DNA fragments may be 
undetectable by eithium bromide staining. In this case, the DNA can be trans¬ 
ferred onto a suitable membrane for Southern blot analysis using the HD vector 
plasmid DNA as the probe. 
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Construction of First-Generation 
Adenoviral Vectors 

Philip Ng and Frank L. Graham 


1. Introduction 

Adenoviruses (Ads) possess several features that make them attractive as 
mammalian gene transfer vectors. They can efficiently infect a wide variety of 
quiescent and proliferating cell types from various species to direct high-level 
viral gene expression, their 36-kb double-stranded DNA genome can be 
manipulated with relative ease by conventional molecular biology techniques, 
and they can be readily propagated and purified to yield high-titer preparations 
of very stable virus. Consequently, Ads have been extensively used as vectors 
for recombinant vaccines, for high-level protein production in cultured cells 
and for gene therapy ( 1 - 4 ). 

1.1. Adenovirus Biology 

The adenovirus is an icosohedral, nonenveloped capsid containing a linear 
double-stranded DNA genome of approx 36 kb. Of the approximately 50 sero¬ 
types of human Ad, serotype 2 (Ad2) and serotype 5 (Ad5) of subgroup C have 
been the most extensively characterized (reviewed in ref. 5). The 36-kb genome 
is flanked by inverted terminal repeats (ITRs), which are the only sequences 
required in cis for DNA replication. A c/s-acting packaging signal, required for 
encapsidation of the genome, is located near the ITR at the left end (relative to 
the conventional map of Ad). The Ad genome can be divided into two regions 
with respect to the onset of viral DNA replication (Fig. l).The early region 
genes, El A, ElB, E2, E3, and E4, are expressed before DNA replication. The 
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Fig. 1. Transcription map of human adenovirus serotype 5. The 100 map unit 
(approx 36 kb) genome is divided into four early region transcription units, E1-E4, 
and five families of late mRNA, L1-L5, which are alternative splice products of a 
common late transcript expressed from the major late promoter (MPL) located at 16 
mu. Four smaller transcripts are also produced, plX, IVa, and VA RNAs I and II. Not 
shown are the 103-bp inverted terminal repeats located at the termini of the genome 
involved in viral DNA replication and the packaging signal located from nucleotides 
190 to 380 at the left end of the genome involved in encapsidation. 


El A transcription unit is the first Ad sequence expressed during viral infection 
and encodes two major El A proteins that are involved in transcriptional regu¬ 
lation of the virus and stimulation of the host cell to enter S phase. The two 
major ElB proteins are necessary for blocking host mRNA transport, stimulat¬ 
ing viral mRNA transport, and blocking El A-induced apoptosis. The E2 region 
encodes proteins required for viral DNA replication and can be divided into to 
subregions, E2a and E2b. E2a encodes the 72-kDa DNA-binding protein, and 
E2b encodes the viral DNA polymerase and terminal protein precursor. The E3 
regions encodes at least seven proteins, most of which are involved in evasion 
of the host immune system. This region is dispensable for virus growth in cell 
culture. The E4 region encodes at least six proteins, some of which function in 
facilitating DNA replication, enhancing late gene expression, and decreasing 
host protein systhesis. The late region genes, E1-E5, are expressed after DNA 
replication from a common major late promoter and are generated from alter- 
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native splicing of a single transcript. Most of the late mRNAs encode virion 
structural proteins. 

Virus infection begins with the Ad fiber protein binding to specific primary 
receptors on the cell surface ( 6 , 7 ) followed by a secondary interaction between 
the virion penton base and a^[33 and integrins ( 8 ). The efficiency with 
which Ad binds and enters the cell is directly related to the level of primary and 
secondary receptors present on the cell surface ( 9 , 10 ). Penton-integrin interac¬ 
tion triggers Ad internalization by endocytosis; it then escapes from the early 
endosome into the cytosol prior to lysosome formation ( 11 , 12 ). The virion is 
sequentially disassembled during translocation along the microtubule network 
toward the nucleus, where the viral DNA is released into the nucleus ( 13 ). 
Viral DNA replication, beginning 6-8 h post infection, and assembly of prog¬ 
eny virions occur in the nucleus. The entire life cycle takes about 24-36 h, 
generating about 10“* virions per infected cell. In humans. Ads generally cause 
only relatively mild, self-limiting illness in immunocompetent individuals. Ads 
have never been implicated as a cause of malignant disease in their natural 
host. The reader is referred to an excellent review by Shenk ( 5 ) for a more 
comprehensive discussion of the adenovirus. 

1.2. Adenovirus Vectors 

Typically, Ads are modified into vectors by replacing the El region with the 
foreign DNA of interest. This modification serves two important purposes. 
First, deletion of El increases the cloning capacity to approx 5 kb. Second, it 
renders the vectors replication deficient, which is an important consideration 
with respect to safety for human gene therapy. These replication-deficient vec¬ 
tors can be propagated in El-complementing cell lines such as 293 ( 14 ). The 
E3 region can also be deleted from the vector as it is not required for virus 
propagation in culture. The combination of El and E3 deletions results in a 
cloning capacity of approx 8 kb, a size that is more than adequate for most 
expression cassettes. 

1.3. Overview of the Two-Piasmid Rescue System 

This chapter provides detailed protocols for construction of El-substituted 
Ad vectors by site-specific recombination between two plasmids cotransfected 
into E1-complementing cells such as 293 (Fig. 2) ( 15 - 17 ). One of the plasmids 
used in this method contains the entire Ad5 genome except for certain key 
deletions. Essential features of this Ad genomic plasmid include an ITR junc¬ 
tion, a deletion spanning the El region and packaging signal, a target sequence 
for site-specific recombination, and a cassette for expression of the site-spe¬ 
cific recombinase. Inclusion of the recombinase expression cassette allows site- 
specific recombination-mediated vector rescue to be performed in any 
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Fig. 2. Construction of Ad vectors by Cre- or FLP-mediated site-specific recombi¬ 
nation following cotransfection of 293 cells with an Ad genomic plasmid {see Fig. 3), 
and a shuttle plasmid {see Fig. 4). Ad and bacterial plasmid sequences are represented 
by thick and thin lines, respectively, and lox? or frt sites are represented by “ 

E1-complementing cell. The recombinase expression cassette is not incorpo¬ 
rated into the recombinant vector due to its location in the plasmid with respect 
to the recombinase target site (Fig. 2). The second plasmid, called a shuttle, 
contains an ITR junction, a packaging signal, a polylinker region for insertion 
of foreign sequences, and a target sequence for site-specific recombination. 
The ITR Junctions serve as efficient origins of Ad DNA replication ( 18 ) so that 
following cotransfection into 293 cells, the plasmids can undergo Ad-medi- 
ated DNA replication. However, the deletion of the packaging signal renders 
the Ad genomic plasmid noninfectious. The presence of the ITR junction in the 
shuttle plasmid significantly increases the efficiency of vector rescue ( 16 ). 
Following cotransfection in 293 cells, site-specific recombination between the 
two plasmids results in the generation of a recombinant Ad vector, which can 
replicate and be packaged into infectious virions, resulting in plaques on the 
monolayer of 293 cells. Since neither plasmid alone is capable of producing 
infectious virus, only the desired recombinant vector is generated following 
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cotransfection. Vector rescue can be achieved by either of two site-specific 
recombination systems with comparable high efficiencies: the bacteriophage 
PI Cre//oxP system ( 15 , 16 ) or the yeast FLP//rt system ( 17 ). 

2. Materials 

2.1. Preparation of Plasmid DNA 

1. Plasmid DNA: All plasmids described in this chapter and their sequences can be 
obtained from Microbix Biosystems (www.microbix.com). 

2. Sterile Luria-Bertani (LB) broth (Lennox; Difco) and LB-agar plates supple¬ 
mented with 50 pg/mL ampicillin. 

3. Solution I: 10 rtiM EDTA, pH 8.0, 50 mM glucose, 25 mM Tris-HCl, pH 8.0, 
prepared from sterile stock solutions. 

4. Solution II: 1% sodium dodecyl sulfate (SDS), 0.2 ANaOH, freshly prepared. 

5. Solution III: 3 Mpotassium acetate, 11.5% glacial acetic acid, autoclave-steril¬ 
ized. 

6. Isopropanol. 

7. TE: 10 mMTris-HCl, pH 8.0, 1 mMEDTApH 8.0, autoclave-sterilized. 

8. Pronase stock solution: 20 mg/mL pronase in 10 mM Tris-HCl, pH 7.5. 
Preincubate at 56°C for 15 min followed by 37°C for 1 h. Aliquot and store at 
-20°C. 

9. Pronase-SDS solution: 0.5 mg/mL pronase (above) in 0.5% SDS, 10 mMTris- 
HCl, pH 7.4, 10 mM EDTA, pH 8.0. 

10. CsCl (biotechnology grade). 

11. 10 mg/mL ethidium bromide. 

2.1.1. Ad Genomic Piasmids 

A variety of Ad genomic plasmids are available for construction of vectors 
(Fig. 3). The plasmids pBHGloxESCre and pBHGfrtESFLP are used to gener¬ 
ate vectors bearing a wild-type E3 region by Cre-mediated and FEP-mediated 
recombination, respectively. The maximum foreign DNA insert that can be 
rescued into an El-deleted vector with a wild-type E3 region is approx 5 kb 
owing to the size constraints of Ad ( 19 ). The plasmids pBFIGloxAE3(Xl)Cre 
and pBFIGfrtAE3(Xl)FEP have a 1864-bp deletion in the E3 region and thus 
permit rescue into vectors of foreign sequences up to approx 7.2 kb by Cre- 
mediated and FEP-mediated recombination, respectively. The plasmids 
pBFIGloxAEl,3Cre and pBFIGfrtAEl,3FEP have a 2653-bp deletion in the E3 
region and permit rescue into vectors of foreign sequences up to approx 8 kb 
by Cre-mediated and FEP-mediated recombination, respectively. These latter 
two plasmids offer maximum cloning capacity, but vectors bearing this larger 
E3 deletion may grow slightly more slowly and result in lower yields (approx 
twofold) than vectors bearing the wild-type or smaller E3 deletion (F. E. Gra- 


ITRs 


ITRs 

Cre _►>_ FLP 



Fig. 3. Ad genomic plasmids used for vector rescue by site-specific recombination 
in vivo. The plasmids pBHGloxE3Cre, pBHGloxAE3(Xl)Cre, andpBHGloxAEl,3Cre 
are used to rescue vectors bearing a wild-type E3 region, a 1864-bp deletion or a 2653- 
bp deletion of E3, respectively, by Cre-mediated recombination. The plasmids 
pBHGfrtE3FLP, pBHGfrtAE3(Xl)FLP, and pBHGfrtAEl,3FLP are used to rescue 
vectors bearing a wild-type E3 region, a 1864-bp deletion, or a 2653-bp deletion of 
E3, respectively, by FLP-mediated recombination. The unique Pad restriction enzyme 
site in pBHGloxAEl,3Cre, pBHGloxAE3(Xl)Cre, pBHGfrtAE3(Xl)FLP, and 
pBHGfrtAEl,3FLP permit insertion of foreign sequences into the E3 deletion. Ad and 
bacterial plasmid sequences are represented by thick and thin lines, respectively, and 
/oxP or frt sites are represented by “I>.” 
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ham, unpublished results). The presence of a unique Pad site in 
pBHGfrtAEl,3FLP, pBHGloxAEl,3Cre, pBHGloxAE3(Xl)Cre, and 
pBHGfrtAE3(Xl)FEP permits insertion of foreign sequences for rescue into 
the E3 deletion if desired (Fig. 3). The choice of which Ad genomic plasmid to 
use is dictated by the size of the foreign sequence to be rescued, whether a 
wild-type or a deleted E3 region is desired in the vector, and which site-spe¬ 
cific recombination system is preferred/necessitated. 

2.1.2. Shuttie Piasmids 

A variety of small shuttle plasmids are available for insertion of foreign 
sequences and rescue into Ad vectors by Cre- or FEP-mediated recombination 
(Fig. 4). The shuttle plasmids pDC311, pDC312, pDCSll, and pDC512 are 
designed for the insertion of expression cassettes for rescue into vectors, the 
first two by Cre-mediated recombination and the last two by FEP-mediated 
recombination. The shuttle plasmids pDC315, pDC316, pDC515, and pDC516 
are designed for the insertion of coding sequences for rescue into vectors, the 
first two by Cre-mediated recombination and the last two by FEP-mediated 
recombination. In these plasmids, the site of insertion is flanked by a murine 
cytomegalovirus (MCMV) immediate early promoter and the SV40 
polyadenylation signal, thus permitting high-level transgene expression. The 
choice of which shuttle plasmid to use is dictated by whether expression from 
a strong viral promoter is desired, by the orientation of the polylinker, and by 
the site-specific recombination system desired for vector rescue. We have 
observed that higher expression levels are obtained when the transcription ori¬ 
entation of the transgene is in the same direction as E1 and that the MCMV 
immediate early promoter is stronger in most cell lines than its more com¬ 
monly used human counterpart (20). 

2.2. Cell Culture 

1. Low-passage 293 cells (Microbix Biosystems). 

2. 293N3S cells (Microbix Biosystems). 

3. Complete medium: minimum essential medium (MEM; Gibco-BRL, cat. no. 
61100) containing 10% fetal bovine serum (FBS) (heat inactivated), 100 U/mL 
penicillin/streptomycin, 2 mM L-glutamine, and 2.5 pg/mL fungizone. 

4. Joklik’s modified-MEM (Gibco-BRL, cat. no. 22300) supplemented with 10% 
horse serum (heat inactivated). 

5. Citric saline: 135 mMKCl, 15 mM sodium citrate, autoclave-sterilized. 

2.3. Cotransfection 

1. Monolayers of low-passage 293 cells at 80% confluency in 60-mm dishes. 

2. HEPES-buffered saline (BBS): 21 niMHEPES,137 mMNaCl, 5 mM KCl, 0.7 
mMNa 2 HP 04 , 5.5 mM glucose, pH 7.1 (adjusted with NaOH), filter-sterilized. 
Store at 4°C in small aliquots in tightly sealed conical tubes. 
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Fig. 4. Shuttle plasmids and their polylinker sequences used for vector rescue by 
in vivo site-specific recombination. The shuttle plasmids pDC311 (3276 bp), pDC312 
(3288 bp),pD315 (3913 bp), andpDC316 (3913 bp) are used to rescue vectors by Cre- 
mediated recombination. The shuttle plasmids pDC511 (3277 bp), pDC512 (3277 bp), 
pDC515 (3957 bp), and pDC516 (3957 bp) are used to rescue vectors by FLP-medi- 
ated recombination. The plasmids pDC311, pDC312, pDC511, and pDC512 are used 
for insertion of expression cassettes (inserts with a promoter/enhancer and 
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3. Salmon sperm DNA (2 |ig/|iL in TE). 

4. 2.5 MCaCl 2 , filter-sterilized. 

5. Complete medium (see Subheading 2.1.). 

6 . 2x maintenance medium: 2x MEM (Gibco-BRL, cat. no. 61100) supplemented 
with 10% horse serum (heat inactivated), 200 U/mL penicillin/streptomycin, 4 
mM L-glutamine, 5 pg/mL fungizone, and 0.2% yeast extract. 

7. 1% agarose solution, autoclave-sterilized. Store at room temperature and melt in 
a microwave oven prior to use. 

8 . Ad genomic plasmid DNA (see Subheading 2.2.1.). 

9. Shuttle plasmid DNA with desired foreign sequence inserted {see Subheading 

2 . 2 . 2 .). 

10. Phosphate-buffered saline (PBS): 137 mM NaCl, 8.2 mM Na 2 HP 04 , 1.5 mM 
KH 2 PO 4 , 2.7 rtiMKCl, autoclave-sterilized. 

11. PBS^^: PBS supplemented with 0.68 mM sterile MgCl 2 and 0.5 mM sterile CaCl 2 . 

12. Glycerol, autoclave-sterilized. 

2.4. Analysis of Recombinant Vectors 

1. 90% confluent 60-mm dishes of 293 cells. 

2. TE (see Subheading 2.1.). 

3. Complete medium {see Subheading 2.1.). 

4. Maintenance medium: MEM (Gibco-BRL, cat. no. 61100) containing 5% horse 
serum (heat inactivated), 100 U/mL penicillin/streptomycin, 2 mM L-glutamine, 
and 2.5 pg/mL fungizone. 

5. PBS2+ {see Subheading 2.3.). 

6. Pronase-SDS solution {see Subheading 2.1.). 

2.5. Titration of Adenovirus 

1. 80-90% confluent 60-mm dishes of 293 cells. 

2. PBS2+ {see Subheading 2.3.). 

3. 1% agarose solution {see Subheading 2.3.). 

4. 2x maintenance medium {see Subheading 2.3.). 

5. Glycerol, autoclave-sterilized. 

2.6. Preparation of High-Titer Viral Stocks (Crude Lysate) 

1. PBS2+( 5 ee Subheading 2.3.). 

2. Glycerol, autoclave-sterilized. 


Fig. 4. Continued 

polyadenylation signal as well as coding sequence). The plasmids pDC315, pDC316, 
pDC515, and pDC516 bear a polylinker flanked by the murine cytomegalovirus im¬ 
mediate early promoter/enhancer and SV40 polyadenylation signal and are used for 
insertion of coding sequences (e.g., cDNAs). 



398 Ng and Graham 

Specific materials, in addition to those above, are required for virus prepara¬ 
tion from either 293 cells or 293N3S cells as listed below. 

2.6.1. Preparation of High-Titer Virai Stocks (Crude Lysate) 
from Ceiis in Monoiayer 

1. 150-mm dishes of 80-90% confluent 293 cells. 

2. Maintenance medium (see Subheading 2.4.). 

2.6.2. Preparation of High-Titer Virai Stocks (Crude Lysate) 
from Ceiis in Suspension 

1. 3^ L 293N3S cells (Microbix Biosystems). 

2. Joklik’s modified MEM supplemented with 10% horse serum (heat inactivated) 
(see Subheading 2.2.). 

3. 1% sodium citrate. 

4. Camoy’s fixative: Add 25 mL glacial acetic acid to 75 mL methanol. 

5. Orcein solution: Add 1 g orcein dye to 25 mL glacial acetic acid plus 25 mL 
dH20 and filter through Whatman no. 1 paper. 

2.7. Purification of Adenovirus by CsCi Banding 

1. 10 and 100 mMTris-HCl, pH 8.0, autoclave-sterilized. 

2. 5% sodium deoxycholate, filter-sterilize. 

3. 2 MMgCl 2 , autoclave-sterilized. 

4. DNAase I: 100 mg bovine pancreatic deoxyribosenuclease I in 10 mL of 20 mM 
Tris-HCl, pH7.4, 50 mMNaCl, 1 mM dithiothreitol, 0.1 mg/mL bovine serum 
albumin, 50% gyclerol. Aliquot and stored at -20°C). 


5. CsCl solutions: 

Density 

CsCl 

10 mM Tris-HCl, pH 8.0 

(g/ml) 

(g) 

(g) 

1.5 

90.8 

109.2 

1.35 

70.4 

129.6 

1.25 

54.0 

146.0 


Dissolve CsCl into 10 mMTris-HCl, pH 8.0, solution in the amounts indicated 
above to achieve the desired density solution, and filter sterilize. Weigh 1.00 mL 
to confirm density. 

6. Glycerol, autoclave-sterilized. 

7. Beckman SW 41 Ti and SW50.1 rotor and ultraclear tubes. 

8. Slide-A-Lyzer dialysis cassettes (Pierce). 

2.8. Characterization of Adenovirai Vector Preparations 

1. All materials listed in Subheading 2.5. 

2. TE (see Subheading 2.1.). 

3. 10 mMTris-HCl, pH 8.0. 
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4. 10%SDS 

5. Pronase-SDS solution (see Subheading 2.1.) 

6. 3 M sodium acetate, pH 5.2, autoclave-sterilized. 

7. 95% and 70% ethanol. 

8. A549 cells. 

9. a-MEM (Gibco-BRL, cat. no. 12000) supplemented with 10% FBS (heat inacti¬ 
vated). 

10. a-MEM supplemented with 5% horse serum (heat inactivated). 

3. Methods 

Figure 5 presents an overview of the steps involved in the production of 
recombinant Ad vectors. Briefly, 293 cells are cotransfected with the Ad 
genomic plasmid and the shuttle plasmid. The recombinant vector, generated 
by site-specific recombination in vivo between the two plasmids, forms a 
plaque in the cell monolayer. The plaques are isolated, the virus is expanded, 
and the vector DNA is extracted for confirmation by restriction enzyme diges¬ 
tion. The vector is plaque-purified by titration, and a high-titer stock is gener¬ 
ated. The vector is then purified by CsCl banding and characterized with respect 
to concentration, DNA structure, level of RCA contamination, and transgene 
expression. The remainder of this chapter provides detailed protocols for each 
of these steps. Although it is recommended that the steps outlined in Figure 5 
be followed, acceptable alternatives, where applicable, are provided in Sub¬ 
heading 3.9. to expedite vector production. 

3.1. Preparation of Plasmid DNA 

The foreign DNA of interest is inserted into an appropriate shuttle plasmid 
and transformed into E. coli by conventional molecular biology techniques. 
The following is a protocol for the preparation of high-quality plasmid DNA 
for cotransfection. 

1. Inoculate 5 mL of LB supplemented with 50 pg/mL ampillicin with bacteria bear¬ 
ing the desired plasmid in the morning. Incubate culture at 37°C with shaking 
(see Note 1). 

2. Inoculate 500 mL of LB supplemented with 50 pg/mL ampillicin with the above 
culture in the late afternoon. Incubate overnight at 37°C with shaking (see 
Note 2). 

3. Transfer culture to a centrifuge bottle and pellet bacteria by spinning at 6000g for 
lOminatAC. 

4. Resuspend bacterial pellet in 40 mL of cold solution I so that no cell clumps are 
visible. 

5. Add 80 mL of freshly prepared solution II, and mix thoroughly but gently by 
swirling. This should produce a relatively clear, viscous lysate. 


Rescue and isolate recombinant 

Ad vector by cotransfection 
(section 3.3) 

4 ^ 

Analysis of recombinant 

Ad vectors and preparation 
of vector lysate (section 3.4) 

4 ^ 

Plaque pmify recombinant Ad 
vector by titration (section 3.5) 

4 ^ 

Analysis of purified recombinant 

Ad vectors and preparation 
vector lysate (section 3.4) 

4 ^ 

Preparation of high titer 
viral stocks (section 3.6) 

4 ^ 

Purification of Ad vector 
by CsCl banding (section 3.7) 

4 ^ 

Characterization of 

Ad vector (section 3.8) 


Fig. 5. Overview of the steps involved in rescue, propagation, purification, and 
characterization of Ad vectors. The recommended steps are indicated by thick arrows. 
Acceptable alternatives to expedite vector production are indicated by thin arrows (see 

Subheading 3.9.). 
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6. Add 40 mL of cold solution III, mix thoroughly but gently by swirling, and incu¬ 
bate for 20 min on ice. A white precipitate should form, and the viscosity should 
be greatly reduced. 

7. Add 10 mL of dH20, and centrifuge at 4°C for 10 min at 6000g. 

8. Collect the supernatant by filtering it through two to three layers of cheesecloth 
into a centrifuge bottle. 

9. Precipitate plasmid DNA by adding 100 mL (0.6 vol) of isopropanol, mix well, 
and incubate for 30 min at room temperature. 

10. Pellet plasmid DNA by centrifuging at 4°C for 10 min at 6000g. 

11. Pour off the supernatant and drain at room temperature for 15 min. Keeping the 
bottle upside down, wipe inside the rim with a clean KimWipe™ to remove all 
residual isopropanol. 

12. Dissolve plasmid DNA pellet in 5 mL TE and transfer to 50-mL conical tube. 

13. Add 2 mL pronase-SDS solution, mix well, and incubate for 30 min at 37°C. 

14. Add 8.6 g CsCl, mix to dissolve completely, and incubate on ice for 30 min. 

15. Centrifuge at maximum speed in a Beckman tabletop centrifuge for 30 min at 
5°C. Slowly collect the supernatant using a 10-mL syringe and 16-gage needle, 
avoiding as much of the pellicle as possible. 

16. Transfer to a Beckman VTi 65.1 ultracentrifuge tube. Add 25 pL of 10 mg/mL 
ethidium bromide and fill the tube with light parafm oil. Seal the tube and mix by 
inversion. 

17. Centrifuge in a Beckman VTi 65.1 rotor at 55,000 rpm (288,000g) for 10-14 h 
at 14°C. 

18. Remove tube and support it with a stand. The supercoiled plasmid DNA band 
should be the thicker, lower red band in the gradient, but it should not be at the 
very bottom of the tube. The upper red band (if present) is nicked plasmid or 
chromosomal DNA. Puncture the top of the tube to allow entry of air. Collect 
plasmid DNA through the side of the tube with a 3-mL syringe and 18-gage 
needle by puncturing the side of tube just below the band, {see Note 3). 

19. Transfer plasmid DNA to a 15-mL polypropylene tube containing 5 mL isopro¬ 
panol, which has been saturated with CsCl in TE, and mix immediately to extract 
the ethidium bromide into the solvent layer. Allow the phases to separate and 
remove the ethidium bromide-solvent (pink) layer. Repeat extraction until the 
solvent layer is completely colorless. 

20. Add TE to bring the volume up to 4 mL, add 8 mL cold 95% ethanol, and mix by 
inversion to precipitate the DNA. 

21. Centrifuge at top speed for 15 min to pellet DNA. Discard supernatant and wash 
pellet twice with 5 mL 70% ethanol. 

22. Remove as much of the 70% ethanol as possible, allow the pellet to dry, and 
resuspend with an appropriate volume of TE. Ideally, the concentration should 
be 1-2 lig/|iL. 

23. Determine the plasmid DNA concentration by OD 260 , digest a sample with appro¬ 
priate diagnostic restriction enzymes, and confirm the structure by agarose gel 
electrophoresis. 
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3.2. Cell Culture 

Low-passage 293 cells maintained in 150-mm dishes, are split 1 to 2 or 1 to 
3 when they reach approx 90% confluency (every 2-3 days). In general, for 
cotransfections, a confluent 150-mm dish of 293 cells is split into eight 60-mm 
dishes for use the next day (see Note 4). 

1. Remove medium from 150-mm dish of 293 cells. 

2. Rinse monolayer twice with 5 mL citric saline. 

3. Remove citric saline from step 2, add 0.5 mL citric saline, and leave the dish at 
room temperature until cells start to round up and detach from the dish (no more 
than 15 min). 

4. Tap the side of the dishes to detach all cells. 

5. Resuspend cells with complete medium and distribute into new dishes. 

293N3S are suspension-adapted 293 cells and can be used for large-scale 
vector production instead of 293 cells because of their greater ease of handling. 
293N3S cells are grown in Joklik’s modified MEM supplemented with 10% 
horse serum (heat inactivated) and should be diluted 1 to 2 or 1 to 3 when the 
density reaches 5x10^ cells/mL. All cell culture reagents should be prewarmed 
to 37°C prior to use. 

3.3. Cotransfection 

Typically, a large number of plaques are generated by cotransfecting a single 
60-mm dish of 293 cells with 2 pg of the shuttle plasmid and 2 pg of the Ad 
genomic plasmid by site-specific recombination (Table 1). However, a num¬ 
ber of factors can influence the efficiency of vector rescue including the qual¬ 
ity of the DNA, the efficiency of transfection, and especially the state of the 
293 cells. Another important consideration is that the plaques be well isolated. 
Therefore, it is recommended that a range of DNA amounts be cotransfected to 
ensure that the vector is rescued and also that the plaques are well isolated. The 
infectious Ad genomic plasmid pFG140 (18) is used as a control for transfec¬ 
tion efficiency and under optimal conditions should yield up to approx 100 
plaques per 0.5 pg. Below is a typical protocol in which four 60-mm dish of 
293 cells are cotransfected with 0.5, 2, and 5 pg of each plasmid (Fig. 6). 

1. Label four 60-mm dishes “A,” four dishes “B,” four dishes “C,” and two dishes 
“D” and seed them with 293 cells to reach approx 80% confluency in 1-2 days 
for cotransfection. 

2. In the late afternoon, 1 h prior to cotransfection, the medium from the 60-mm 
dishes of 293 cells is replaced with 5 mL of freshly prepared complete medium 
without washing. 

3. Meanwhile, combine in a 50-mL conical tube 8 mL of HBS and 40 pi of salmon 
sperm DNA and vortex at maximum setting for 1 min. 


8 mL HBS + 40 (xL salmon 
sperm DNA, vortex for 1 min 
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Fig. 6. Standard cotransfection protocol for Ad vector rescue by in vivo site-spe¬ 
cific recombination. 
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Table 1 

Vector Rescue Efficiency by In Vivo Site-Specific Recombination^ 


Shuttle plasmid 

Ad genomic plasmid 

Average plaques/60-mmdish 

pCA351oxAITR 

pBHGloxAEl,3Cre 

43 


pBHGloxAE3(Xl)Cre 

63 


pBHGloxE3Cre 

48 

pCA35frtAITR 

pBHGfrtAEl,3FLP 

41 


pBHGfrtAE3(Xl)FLP 

27 


pBHGfrtE3FLP 

25 


pFG140 * 

103 


“ 60-mm dishes of 293 cells were cotransfected with 2 |ag of each plasmid, and plaques were 
counted at 10 days post cotransfection. 

* 60-mm dishes of293 cells were transfected with 0.5 |a,g of pFG140, and plaques were counted 
at 10 days post cotransfection. 


4. Aliquot 2 mL each of the above solution to three polystyrene tubes labeled “A,” 
“B,” and “C”and 1 mL into a fourth polystyrene tube labeled “D.” 

5. To tube “A” add 2 pg of shuttle plasmid DNA and 2 pg of Ad genomic plasmid 
DNA. (This will result in 0.5 pg of each plasmid per dish.) To tube “B” add 8 pg 
of shuttle plasmid DNA and 8 pg of Ad genomic plasmid DNA (2 pg of each 
plasmid per dish). To tube “C” add 20 pg of shuttle plasmid DNA and 20 pg of 
Ad genomic plasmid DNA (5 pg of plasmid per dish). To tube “D” add 1 pg of 
pFG140 DNA. Mix each tube thoroughly but gently. 

6. Add 100 pL of 2.5 M CaCl 2 dropwise to tubes “A,” “B,” and “C” with gentle 
mixing. Add 50 pL of 2.5 MCaCl 2 dropwise to tube “C” with gentle mixing. The 
solutions should become slightly cloudy. Incubate at room temperature for 30 
min. 

7. Apply 0.5 mL of the contents in tube “A” dropwise to the monolayer in each of 
the dishes labeled “A” without removing the medium. Do the same for tubes “B,” 
“C,” and “D”. Rock the dishes to distribute the precipitate evenly, and return to 
the incubator. 

8. Next day, melt 1% agarose solution in a microwave oven and allow it to equili¬ 
brate to 45°C in a waterbath. Equilibrate 2x maintenance medium to 37°C. Once 
the two solutions have equilibrated to the desired temperature, prepare overlay 
solution by combining 70 ml of melted 1% agarose and 70 mL of 2x maintenance 
medium. 

9. Remove the medium from the cotransfected dishes and add 10 mL of the overlay 
prepared in step 8 to each dish {see Note 5). 

10. Allow the overlay to solidify at room temperature (10-15 min), and then return 
the dishes to the incubator. Plaques should begin to appear as early as 5 days post 
cotransfection and will continue to appear until about 12-14 days post¬ 
cotransfection. 
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11. Ten days post cotransfection, pick well-isolated plaques from the monolayer by 
punching out agar plugs with a sterile cotton-plugged Pasteur pipet attached to a 
rubber bulb {see Note 6). 

12. Transfer the agar plugs into 0.5 mL PBS^^ supplemented with glycerol to 10% in 
a suitable vial. Vortex briefly and store at -70°C. 

It is recommended that mock-transfected controls be included for compari¬ 
son until the researcher gains familiarity with the appearance and morphology 
of Ad plaques. 

3.4. Analysis of Recombinant Vectors 

Once plaques have been isolated, they are expanded for extraction of vector 
DNA for analysis and to yield a working vector stock as follows: 

1. Seed 60-mm dishes of293 cells (one per plaque) to reach approx 90% confluency 
on the day of use. 

2. Thaw vims plaque picks and vortex briefly. Remove medium from 60-mm dishes 
of 293 cells and add 0.2 mL of the plaque pick. Adsorb for 1 h in the incubator, 
rocking the dishes every 10-15 min. 

3. Following adsorption, add 5 mL of maintenance medium and return dishes to 
incubator until complete cytopathic effect (CPE) is observed (>90% cells rounded 
up and detached from dish, usually 3-4 days post infection) {see Note 7). 

4. Once complete CPE is reached, the dishes can be processed as follows: leave 
dishes undisturbed in a laminar flow hood for 20-30 min to allow cells in suspen¬ 
sion to settle. Gently remove medium with a pipet, leaving the majority of the 
cell in the dish. Transfer the medium into a suitable vial, supplement with glyc¬ 
erol to 10%, and store at -70°C. The medium should contain a significant amount 
of virus (10^“ 10* plaque-forming units [pfu]/mL) and can be used for plaque puri¬ 
fication of the vector {see Subheading 3.5.) (or can be used in preliminary experi¬ 
ments or for further vector expansion, as described in Subheading 3.6.). 

5. Add 0.5 mL pronase-SDS solution and incubate dishes at 37°C overnight. 

6. Transfer lysate to a microfuge tube and add 1 mL 95% ethanol. Precipitate DNA 
by inverting the tube several times. 

7. Pellet DNA by spinning in a microcentrifuge (maximum speed for 2 min) and 
wash pellet twice with 70% ethanol. Let the pellet dry and resuspend in an appro¬ 
priate volume of TE (approx 50-100 pL). Dissolve DNA by heating at 65°C with 
occasional vortexing. 

8. Digest 5-10 |iL of the DNA with an appropriate restriction enzyme and analyze 
the DNA structure by ethidium bromide staining following agarose gel electro¬ 
phoresis to verify the DNA structure of the recombinant virus is correct. 

Once the DNA structure of the vector has been verified, it is purified by titra¬ 
tion {see Subheading 3.5.). 
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3.5. Titration of Adenovirus 

The procedure outlined below is used to plaque purify recombinant vectors 
and also to determine the concentration of vector stocks (see Note 8). 

1. Seed 60-mm dishes of 293 cells to reach approx 80-90% confluency in 1-2 days 
for titration. 

2. Prepare serial dilutions of the recombinant virus in PBS^^ (lO'^-lO'® for samples 
prepared in Subheading 3.4. and lO'^^-lO"'** for samples prepared in Subheading 
3.6. and 3.7.). 

3. Remove medium from 60-mm dishes of 293 cells and infect with 0.2 mL of the 
diluted samples. Return dishes to the incubator and adsorb for 1 h, rocking the 
dishes every 10-15 min. 

4. During the adsorption period, melt 1% agarose solution in a microwave oven and 
equilibrate to 45°C in a waterbath. Equilibrate 2x maintenance medium to 37°C. 

5. Following 1-h adsorption, combine equal volumes of molten agarose solution 
with 2x maintenance medium, mix well, and gently overlay dishes with 10 mL 
(see Note 5). 

6. Allow overlay to solidify for 10-15 min and return dishes to the incubator. 

7. Plaques should start to appear about 4 days post infection and should be counted 
12 days post infection. For isolation of recombinant virus by plaque purification, 
well-isolated plaques should be picked according to steps 11 and 12 of Subhead¬ 
ing 3.3. around 10 days post infection. The plaque-purified vectors are expanded 
according to Subheading 3.4. and used as inoculum for the preparation of high- 
titer viral stocks (see Subheading 3.6.). 

8. Determine the vector concentration in pfu/mL as follows: 

titer = (number of plaques)(dilution factor)/(infection volume) 
Calculate the titer from dishes bearing 20-70 plaques. 

3.6. Preparation of High-Titer Virai Stocks (Crude Lysate) 

Because most of the virus remains associated with the infected cells until 
very late in infection (i.e., until the cells lyse), high-titer stocks can be prepared 
easily by concentrating infected 293 cells. The following protocol describes 
the production of high-titer virus preparations using either monolayers of 293 
cells or suspension cultures of 293N3S cells. However, because of the greater 
ease of handling suspension cultures, 293N3S cells are preferable for the pro¬ 
duction of very large amounts of high-titer viral stocks. The following describes 
protocols for the preparation of crude lysates of high-titer vector stocks that are 
suitable for most experiments. Prior to the preparation of high-titer stocks, con¬ 
firm that enough inoculum is available and if not, prepare an intermediate- 
scale virus stock by infecting two to three 150-mm dishes of 293 cells. 
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3.6.1. Preparation of High-Titer Virai Stocks (Crude Lysate) from Ceiis 
in Monoiayer 

1. Set up 150-mm dishes of 293 cells to be 80-90% confluent at the time of infec¬ 
tion. The number of dishes is dictated by the amount of vector desired (20-30 
dishes can be easily handled). 

2. Dilute virus sample prepared as in Subheading 3.5., step 7, 1:8 with PBS^^. 

3. Remove medium from the 293 cells and add 1 mL of the diluted virus sample 
prepared in step 2 to each 150-mm dish of cells (MOI of 1-10 pfu/cell). 

4. Adsorb for 1 h in the incubator, rocking the dishes every 10-15 min. Following 
adsorption, add 25 mL maintaince medium and return dishes to the incubator. 
Examine daily for signs of cytopathic effect. 

5. When cytopathic effect is nearly complete, i.e., most cells rounded but not yet 
detached, harvest by scraping the cells into the medium and centrifuging the cell 
suspension at 800g for 15 min. 

6. Discard the supernatant and resuspend the cell pellet in 2 mL PBS^^ -i-10% glyc¬ 
erol per 150-mm dish infected. Freeze (-70°C) and thaw the crude virus stock 
prior to characterization of the vector {see Subheading 3.8.). Store aliquots at 
-70°C. 

3.6.2. Preparation of High-Titer Virai Stocks (Crude Lysate) from Ceiis 
in Suspension 

1. Grow 293N3S cells to a density of 2—4 x 10^ cells/mL in 4 L complete Joklik’s 
modified MEM supplemented with 10% horse serum. Centrifuge cell suspension 
at 750g for 20 min, saving half of the conditioned medium. Resuspend the cell 
pellet in 0.1 vol fresh medium, and transfer to a sterile 500-mL bottle containing 
a sterile stir bar. 

2. Add virus at an MOI of 10-20 pfu/cell and stir gently at 37°C. After 1 h, return 
the cells to the 4-L spinner flask and bring to the original volume using 50% 
conditioned medium and 50% fresh medium. Continue stirring at 37°C. 

3. Monitor infection daily by inclusion body staining as follows: 

a. Remove a 5-mL aliquot from the infected spinner culture. Spin for 10 min at 
750g and resuspend the cell pellet in 0.5 mL of 1% sodium citrate. 

b. Incubate at room temperature for 10 min; then add 0.5 mL Carnoy’s fixative 
and fix for 10 min at room temperature. 

c. Add 2 mL Carnoy’s fixative, spin for 10 min at 750g, aspirate, and resuspend 
the pellet in a few drops of Carnoy’s fixative. Add 1 drop of fixed cells to a 
slide and air-dry for about 10 min; then add 1 drop orcein solution and a cover 
slip and examine using a microscope. Inclusion bodies appear as densely stain¬ 
ing nuclear structures resulting from accumulation of large amounts of virus 
and viral products at late times post infection. A negative control should be 
included in initial tests. 

4. When inclusion bodies are visible in 80-90% of the cells (1 1/2-2 1/2 days depen¬ 
ding on the input MOI), harvest by centrifugation at 750g for 20 min in sterile 
1-L bottles. Combine pellets in a small volume of medium, and spin again. 
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5. Discard supernatant and resuspend pellet in 20 mL PBS^^ supplemented with 
10% glycerol. Freeze (-70°C)- thaw, then aliquot, store at -70°C and character¬ 
ize vector as described in Subheading 3.8. 

3.7. Purification of Adenovirus by CsCi banding 

Many experimental studies ean be carried out using virus in the form of 
crude infected cell lysates prepared as described in Subheading 3.6. However, 
for some experiments, particularly for animal work, it is usually desirable to 
use purified virus. The following protocol describes a method for purifying 
vectors by CsCl banding obtained from 4 L of infected 293N3S cells, or 30 x 
150-mm dishes of 293 cells. 

1. Prepare erude cell lysate from infected cells as follows: 

a. For 30 x 150-mm dishes prepared as in Subheading 3.6.1.: When eomplete 
CPE is evident, scrape the cells into the medium, transfer the cell suspension 
to a centrifuge bottle, and spin for 10 min at 750g. Resuspend eell pellet in 15 
mL 0.1 MTris-HCl, pH 8.0. Sample can be stored at -70°C. 

b. For 3-L spinner eultures prepared as in Subheading 3.6.2.: When inclusion 
bodies are visible in 80-90% of the cells, harvest cells by centrifugation at 
750g for 20 min in sterile bottles. Resuspend pellet in 15 mL 0.1 A/Tris-HCl, 
pH 8.0. Samples ean be stored at -70°C. 

2. Thaw sample and add 1.5 mL 5% Na deoxycholate for eaeh 15 mL of cell lysate. 
Mix well and incubate at room temperature for 30 min. This results in a highly 
viseous suspension. 

3. Add 150 pL 2 MMgCfi and 75 pL DNase I solution for each 15 mL of cell lysate, 
mix well, and incubate at 37°C for 60 min, mixing every 10 min. The viscosity 
should be reduced significantly. 

4. Spin at 3000g for 15 min at 5°C in the Beckman tabletop centrifuge. 

5. Meanwhile, prepare CsCl step gradients (one SW 41 Ti ultraelear tube for each 5 
mL of sample): Add 0.5 mL of 1.5 g/mL solution to each tube. Gently overlay 
with 3.0 mL of 1.35 g/mL solution. Gently overlay this with 3.0 mL of 1.25 g/mL 
solution. 

6. Apply 5 mL of supernatant from step 4 to the top of each gradient. If necessary, 
top up tubes with 0.1 M Tris-HCl, pH 8. 

7. Spin at 35,000 rpm in a Beckman SW 41 Ti rotor (151,000g) at 10°C, for 1 h. 

8. Collect virus band (should be at 1.25 d/1.35 d interfaee) with a needle and syringe 
by piereing the side of the tube. The volume collected is unimportant at this stage, 
so try to recover as much of the virus band as possible. If more than one tube was 
used, pool virus bands into a Beekman SW 50.1 ultraelear tube. 

9. Top up tubes with 1.35 g/mL CsCl solution if necessary and eentrifuge in a 
SW50.1 rotor at 35,000 rpm (115,000g), 4°C, for 16-20 h. 

10. To collect the virus band, puncture the side of the tube just below the virus band 
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with a needle and syringe. Collect the virus band in the smallest volume possible 
and transfer to a Slide-A-Lyzer dialysis cassette. Dialyze at 4°C against three 
changes of 500 mL 10 mMTris-HCl, pH 8.0, for at least 24 h total. 

11. After dialysis, transfer the virus to a suitable vial and add sterile glycerol to a 
final concentration of 10%. Store the purified virus at -70°C in small aliquots. 

3.8. Characterization of Adenovirai Vector Preparations 

Before the recombinant vector is used for experimentation, several basic 
characterizations should be performed: 1) the concentration should be deter¬ 
mined; 2) the DNA structure should be confirmed; and 3) the presence and 
level of RCA should be ascertained. 

The concentration in pfu/mL is determined by titration on 293 cells as 
described in Subheading 3.5. The concentration of virus particles, based 
on DNA content at OD 26 o> can also be determined spectrophotometrically as 
follows: 

1. Dilute (usually 20-fold) purifed virus with TE supplemented with SDS to 0.1%. 
Set up blank the same except add virus storage buffer (10 mMTris-HCl, pH 8.0, 
supplemented with glycerol to 10%) instead of virus. 

2. Incubate for 10 min at 56°C. 

3. Vortex sample briefly. 

4. Determine OD 26 o- 

5. Calculate the number of particles/mL, based on the extinction coefficient of wild- 
type Ad as determined by Maizel et al. (21) as follows: 

(OD 26 o)(dilution factor)(l.l x 10'^) 

The DNA structure of the recombinant vector should be confirmed follow¬ 
ing large scale preparation. Virion DNA can be extracted from CsCl banded 
virus for analysis as follows: 

1. Add an appropriate volume (approx 25 pL depending on the concentration of the 
virus) of the purified virus to pronase-SDS solution to a final volume of 0.4 mL 
and incubate overnight at 37°C to lyse the virions and digest virion proteins. 

2. Precipitate virion DNA by adding 1/10 vol 3 M sodium acetate, pH 5.2, and 2.5 
vol 95% ethanol and incubate at -20°C for 15-30 min. 

3. Spin in microcentrifuge for 10-15 min at maximum speed. 

4. Discard supernatant and wash DNA pellet twice with 70% ethanol. 

5. Dry DNA pellet and resuspend in an appropriate volume of TE. 

For crude preparations, viral DNA can be extracted following infection of 
293 cells as described in Subheading 3.4. A sample of the vector DNA is 
digested with the appropriate diagnostic restriction enzyme(s), and the struc¬ 
ture of the DNA is analyzed by agarose gel electrophoresis. 
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293 cells contain nts 1-4344 bp of Ad5 DNA ( 22 ) with consequent homol¬ 
ogy flanking the expression cassette of most first-generation vectors. There¬ 
fore, the possibility exists that homologous recombination between the Ad 
vector and the Ad sequences present in 293 cells may result in the formation of 
E1+ replication-competent Ad (RCA) {see Note 9). Thus, it is important to 
determine whether the vector preparations are contaminated with RCA and if 
so, at what level. A non-El-complementing cell line, such as A549, can be 
used for this purpose since it supports replication of RCA but not the E1 -deleted 
Ad vector. The protocol is as follows: 

1. Seed two 60-mm dishes and one 150-mm dish of A549 cells in a-MEM supple¬ 
mented with 10% FBS for each vector preparation to be tested 

2. When the monolayers are 80-90% confluent, remove the medium and infect one 
60-mm dish with lO^pfu and the other 60-mm dish with 10^ pfu. (Make up the 
volume of the inoculum to 0.2 mL with PBS^^). Infect the 150 mm dish with 10* 
pfu (make up the volume of the inoculum with 1 mL PBS^^.) Adsorb for 1 h in 
the incubator, rocking the dishes every 10-15 min. 

3. Following adsorption, add 5 and 25 mL of a-MEM supplemented with 10% horse 
serum to each 60-mm dish and 150-mm dish, respectively, and return dishes to 
incubator. 

4. Infection of A549 cells with high-titer Ad, even in the absence of RCA, will 
frequently result in complete CPE of the initial A549 monolayer because of tox¬ 
icity of viral proteins in the inoculum and multiplicity-dependent “leaky” viral 
replication. Flarvest the monolayers 7 days post infection or when complete CPE 
is observed, whichever occurs first. Harvest the monolayer by scraping the cells 
into the medium. Transfer 3 mL of the lysate into a suitable vial, supplement with 
glycerol to 10%, and store at -70°C. 

5. Set up four 150-mm dishes of A549 cells, one for each of the lysates collected in 
step 4 and one control. 

6. When the monolayers reach 80-90% confluency, infect one dish each with 1 mL 
of the 10®, 10^, and 10* lysates collected in step 4. “Infect” the control dish with 
1 mL of PBS^^. Adsorb for 1 h in the incubator, rocking the dishes every 10-15 
min. 

7. Following adsorption, add 25 mL of a-MEM supplemented with 10% horse se¬ 
rum to each dish, and return dishes to incubator. 

8. Replace the medium every 5 days if necessary. 

9. Observe monolayers daily for signs of CPE by comparing the infected dishes 
with the control dish. If the infected dishes are indistinguishable from the control 
dish (no CPE) 21 days post infection, then the lysate collected at step 4 was free 
of RCA and thus, the original aliquot of the vector preparation used in step 2 was 
also RCA free (or below the limits of detection). This provides an estimate of the 
level of RCA in the vector stock (e.g., <1 RCA/10^ pfu if the monolayers infected 
with the 10® and 10^ lysates in step 4 show no CPE 21 days post infection). If the 
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dishes exhibit CPE (usually evident 14 days post infection or sooner) then the 
original aliquot of the vector preparation used in step 2 was contaminated with 
RCA. 

10. To verify the presence of RCA, extract DNA from the dishes showing signs of 
CPE in step 9 and analyze it by restriction enzyme digestion and agarose gel 
electrophoresis. 

a. When complete CPE is evident, scrape the monolayer into the medium, 
remove 5 mL of the cell suspension, and pellet cells at top speed in a tabletop 
centrifuge. 

b. Discard the supernatant, add 0.5 mL pronase-SDS solution, and incubate at 
37°C overnight. 

c. Add 1 mL 95% ethanol and mix to precipitate DNA. Pellet DNA by centrifu¬ 
gation and wash twice with 70% ethanol. Dry pellet and resuspend in an 
appropriate volume of TE (approx 100 pL). 

d. Digest an aliquot with an appropriate diagnostic restriction enzyme and ana¬ 
lyze by agarose gel electorphoresis. RCA will have a left end structure identi¬ 
cal to wild-type Ad owing to the presence of El sequences. 

Alternative approaches based on Southern blot hybridization or quantitative 
PCR can also be employed for the detection of RCA ( 23 ). 

In addition to these standard characterizations, the biologic activity of the 
vector, with respect to the transgene of interest, should also be determined. 
This will be unique to the vector in question, and the appropriate assays should 
be employed in each case. 

3.9. Alternative Procedures to Expedite Vector Production 

It is recommended that the steps outlined in the preceding sections be fol¬ 
lowed, as they have been well proved. However, since only the correct recom¬ 
binant vector should be generated following cotransfection ( 15 - 17 ), several 
alternative procedures are acceptable to expedite vector production (Fig. 3). 

1. Once the vector has been rescued following cotransfection (see Subheading 3.3.), 
it can be immediately titrated for plaque purification, and the DNA structure can 
be checked afterwards. 

2. Although plaque purification is strongly recommended {see Subheading 3.5.), 
especially if large quantities of the vector are to be generated for extensive experi¬ 
mentation, this step is not absolutely essential since all infectious virus generated 
should be the desired recombinant. In this case, high-titer stocks can be gener¬ 
ated directly from the plaques isolated following cotransfection. 

3. As mentioned in Subheading 3.7., vector purification by CsCl banding, although 
recommended, may not be necessary for many experiments. 

4. It is strongly recommended that the recombinant vector be isolated from indi¬ 
vidual plaques following cotransfection using the method described in Subhead- 
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ing 3.3. However, vector production can be expedited by omitting steps 8-12 in 
Subheading 3.3. In this case, following overnight cotransfection, remove the 
medium from the monolayers and add 5 mL of maintenance medium. If complete 
CPE is observed within 7 days post cotransfection, then proceed from step 4 in 
Subheading 3.4. If complete CPE is not observed by 7 days post cotransfection, 
then proceed as described in Note 7. 

4. Notes 

1. For the large Ad genomic plasmid, bacterial cultures should be started from well- 
isolated colonies picked from a bacterial plate <1 week old. 

2. For higher yields of plasmid DNA, richer medium such as Super Broth (SB) can 
be used (LB broth supplemented with 22 g/mL peptone, 15 g/mL yeast extract, 1 
g/mL D-glucose, and 0.005 ANaOH). 

3. Keep tubes covered with foil or otherwise in the dark except when recovering 
plasmid DNA bands. Do not expose to fluorescent or UV light more than neces¬ 
sary. 

4. 293 cells should never be allowed to become overconfluent, should not be seeded 
too thinly, and should have regular medium changes between splits (twice weekly 
if they are not growing rapidly enough to permit splitting every 2-A days). It is 
recommended that a sufficient number of ampoules of the cells be frozen and 
stored in liquid N 2 to permit initiation of new cultures when the passage number 
of the lab stocks reaches 40^5 passages or when the cells are no longer behaving 
well under agar overlays {see Subheading 3.3. and 3.5.). Higher passage or poorly 
adherent cells may be suitable for growth of virus, but the properties of the cells 
are more critical for plaque assays and cotransfections. 

5. It is important to perform this step quickly (to prevent the overlay solution from 
solidifying prematurely) but gently (to prevent disturbing the monolayer). 

6. Although it is tempting to isolate the plaques as soon as they are visible, it is 
recommended that they be isolated at about 10 days post cotransfection. This 
ensures that the plaques chosen are well isolated and that no other overlapping 
plaques will form in close proximity. 

7. It is important that the DNA be extracted following complete CPE so that vector 
DNA bands are clearly visible above the background of cellular DNA. If com¬ 
plete CPE is not reached by 5-6 days post infection (most likely because of low 
multiplicity) then scrape the monolayer into the medium, transfer the cell suspen¬ 
sion into a suitable vial, and supplement with glycerol to 10%. Freeze (-70°C)- 
thaw the cell suspension and infect 60-mm dishes of 90% confluent 293 cells with 
0.2-0.4 mL as described in Subheading 3.4. Complete CPE should be reached 
within 6 days, and the vector DNA can be extracted. 

8. To determine vector concentration accurately, titrations should be performed in 
duplicate or triplicate. The number of plaques should vary in direct proportion to 
the dilution factor; otherwise, repeat the titration, making sure that the samples 
are thoroughly mixed when setting up the serial dilutions. 

9. The frequency with which Ad vectors recombine with Ad sequences in 293 cells 



First-Generation Adenovirai Vectors 


413 


is unknown, but in general El^ RCA replicate faster than El“ vectors. Conse¬ 
quently, the proportion of RCA increases with prolonged propagation of the vec¬ 
tors in 293 cells. To minimize RCA contamination, vectors should not be serially 
propagated indefinitely. It is recommended that large-scale vector preparations be 
initiated from a stock prepared following plaque purification {see Subheading 
3.5.). If the original plaque-purified stock is exhausted, plaque purification can be 
repeated. 
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1. Introduction 

Human adenovirus vectors have been used widely as gene delivery vehicles. 
However, one major problem related to the use of these vectors is the presence 
of a preexisting immunity to human adenoviruses in a majority of the popula¬ 
tion. We (1-3) and others (4-6) are therefore developing nonhuman adeno¬ 
viruses as gene therapy vectors. Among these, vectors derived from the ovine 
adenovirus isolate 287 (OAV) have been found to deliver genes with high effi¬ 
ciency to several mammals. This chapter introduces this novel vector system 
and describes the methodology of generating OAV vectors. 

1.1. Structure of the OAV Genome 

Genome arrangement and base composition strongly distinguish OAV from 
the mastadenoviruses (which include all known human adenoviruses), and 
analyses of hexon and protease genes have shown that OAV is phylogeneti- 
cally distant from human adenoviruses. Therefore, OAV has been grouped 
together with egg drop syndrome (EDS) virus and several subtypes of bovine 
adenovirus in the proposed genus of Atadenovirus (7,8). Figure 1 shows the 
OAV genome organization. As in all adenoviruses, the genome contains over¬ 
lapping early and late transcription units, and homologies to the E2 genes as 
well as to most of the late genes of mastadenoviruses have been found (9,10). 
The most striking differences from the mastadenoviruses are, however, the lack 
of typical El A/B and E3 regions. The putative E4 region differs in its genomic 
location, and limited homologies to mastadenoviruses have been found for only 
two open reading frames (ORFs). Genes coding for homologs of core protein 
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Fig. 1. Scheme of OAV genome organization. The location of early regions LHE, 
RHE, E2, and E4 are shown in bold arrows. Open reading frames with homologs in 
other adenoviruses (except p32) are shown. Sites I-III for insertion of transgene cas¬ 
settes are indicated. 


V, structural protein IX, and virus-associated RNA are absent from the OAV 
genome, but an additional polypeptide is encoded in the strand complementary 
to the El genes of mastadenoviruses (11-13). In agreement with the lack of an 
ElA/B region is the finding that, in contrast to Ad5 ElA/B sequences, OAV 
sequences are unable to transform mammalian cells in vitro (14). 

1.2. Recombinant OAV as a Gene Transfer Vector 

The first rescue of OAV recombinants was described in 1996 (15). Two 
sites for integration of foreign DNA were identified. These are located between 
the ORFs for protein VIII and fiber (site I in Fig. 1) and at the distal unique 
Sail site of the OAV genome (site II in Fig. 1). Mutations and/or insertions in 
either site did not affect rescue and growth of the respective recombinant 
viruses. In addition, a third integration site was created by insertion of a short 
polylinker at bp 26,676 of the OAV genome and subsequent deletion of related, 
apparently redundant regions between this polylinker and the Sail site. Recom¬ 
binants containing this deletion show only a marginal reduction in virus titer 
(16) (site III in Fig. 1). Using these sites, several transgenes were introduced 
into the OAV genome, and recombinant viruses were rescued. Genes include 
those coding for the rotavirus isolate SAll-derived VP7sc (OAV204), 45W 
antigen from Taenia ovis (OAV205), human pancreatic alkaline phosphatase 
(OAV216), human aj-antitrypsin (OAV-haat), and green fluorescent protein 
(OAV217A) (1,2,16,17). The size restrictions for recombinant OAV genomes 
seem to differ from those for human adenovirus vectors. Insertion of 4,3 kbp 
additional DNA without a compensating deletion of OAV sequences still 
allowed rescue and growth of the recombinant virus, indicating that OAV can 
package at least 114% of its genome size (17). Deletion of the redundant region 
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and the use of site III for transgene insertion further increased the theoretical 
packaging capacity by about 2 kbp. 

Efficient infection of cell lines of different origin was shown with OAV 
recombinants. However, the spectrum of cell lines susceptible to infection with 
OAV vectors differs markedly from that infected by human adenovirus vec¬ 
tors. For example, C2C12, CHO, and HeLa cells were infected to a higher 
degree by OAV-haat than by a human adenovirus vector (Ad5-haat) contain¬ 
ing an identical expression cassette, whereas little infection by OAV-haat was 
detected on 293 and A549 cells (18). This indicates that OAV uses a receptor 
different from that utilized by human adenovirus type 5-based vectors and is in 
accordance with the fact that exchange of the OAV fiber cell binding domain 
with that of Ad5 results in an alteration of the cellular tropism of OAV (19). 

In vivo data obtained with OAV-derived vectors so far are promising: Sys¬ 
temic administration of OAV-haat to mice as well as local delivery to liver and 
skeletal muscle resulted in high levels of reporter gene expression (1-3). Inter¬ 
estingly, in all animal models used so far, no preference of the vector for the 
liver was observed, as has been reported for human adenovirus vectors in 
rodents (20). Most importantly, generation of anti-Ad5 neutralizing antibody 
titers in mice, which were comparable to those present in the human popula¬ 
tion, prevented successful gene transfer with hAd vectors but had no effect on 
OAV-mediated gene delivery (1). High reporter gene expression was also 
observed in rats and rabbits after systemic delivery of OAV vectors (18). Taken 
together, these data make OAV a promising tool for gene delivery in vaccina¬ 
tion and gene therapy applications. Several studies are in progress to character¬ 
ize further the molecular biology and the in vivo characteristics as well as safety 
aspects of this novel vector system. 

2. Materials 

2.1. OAV Genomic Plasmids 

pOAVlOO was the first plasmid containing a full-length OAV genome for 
convenient manipulation (15). As with all such plasmids, the infectious viral 
genome can be released by digestion with Kpnl. Insertion of a short polylinker 
between the ORFs for pVIII and fiber (site I) resulted in pOAV200, and inser¬ 
tion of the polylinker at bp 26,676 gave rise to pOAV600. Deletion of the 
region between this polylinker and the unique Sail site of pOAV600 produced 
pOAV603 (16). Schemes of the plasmids are outlined in Figure 2. 

2.2. OAV Shuttle Plasmids 

Recombination of the gene of interest into the OAV genome requires shuttle 
plasmids. These plasmids typically contain sequences that flank the insertion 


418 


Loser et at. 


pOAVlOO 


POAV200 


pOAVeOO 


Site I 



1 

T 

Sail (Site 


P—-- 

Kpnl 

► 

pVIII fiber 

Kpnl 


Site 1 

1 

Sail (Site 

Ivill'/1/1 .i' S i ^ i'"'=lllc i ii/1: i f 1 il ^tll 1 ■< rl ^ 1 1 ll M fti 

Kpnl 

Polylinker 

Kpnl 


Site 1 Site III 

1 1 

Sail (Site 


Kpnl 

Polylinker Kpnl 


(bp 26.676) 


POAV603 


Kpnl 


Site I 

I Saii (Site II) 


Polylinker Kpnl 
(bp 26.676) 


Fig. 2. Schemes of selected genomic plasmids. pOAVlOO (15) contains the full- 
length OAV genome. The position of insertion site I between the open reading frames 
for the pVIII and fiber genes is indicated. Site II is identical to the unique Sail site at 
bp 28,673 of the OAV genome. Insertion of a short polylinker into site I resulted in 
pOAV200. Insertion of the same polylinker at bp 26,676 (site III) of the OAV genome 
gave rise to pOAV600. Deletion of the apparently redundant region between the 
polylinker in pOAV600 and the Sail site resulted in pOAV603 (16). Infectious virus 
DNA can be obtained by Kpnl digestion of either plasmid. 


site and a polylinker for convenient cloning of the gene of interest. Examples 
of shuttle plasmids for recombination into site I and site II of OAV are shown 

in Figure 3. 

2.3. Manipulation of the OAV Genome 

1. Luria-Bertani (LB) medium. 

2. Agar plates. 

3. Selection agents: Ampicillin, chloramphenicol. 

4. Competent E. coli cells from strain BJ5183 and HBlOl, DH5, JM109, or XL-1. 

5. Enzymes for manipulation of DNA: restriction endonucleases, Klenow enzyme, 
T4 DNA ligase, and others. 

6. Kits and/or solutions for preparation of plasmid DNA from E. coli. 
















A 


Insertions into site 1 




B Insertions into site II 



Kpn\ 



Fig. 3. Shuttle plasmids for recombination into site I (A, pOAVrecI) (1) and site II 
(B, pOAVrecII) (18) of the OAV genome. pOAVrecI contains the OAV sequences 
flanking site I in pOAV200 (bp 21,137-22,128 and bp 22,129-23,330 of the OAV 
genome, respectively), and pOAVrecII contains the regions flanking site II in 
pOAV603 (bp 24,294-26,675 and bp 28,673-29,574 of the OAV genome, respec¬ 
tively). Both plasmids contain a multiple cloning site (MCS) for convenient insertion 
of the transgene cassette and unique restriction enzyme sites for releasing fragments 
for recombination. The genomic OAV plasmids pOAVpoly (a derivate of pOAV200) 
and pOAV603 (16) are shown to the right. The scheme of recombination is indicated. 
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7. Kits and/or solutions for gel purification of DNA fragments. 

8. Phenol and chloroform solutions. 

2.4. Cell Culture 

2.4.1. General 

1. CSL503 and/or HV0156 cells. 

2. Dulbecco’s modified Eagle’s medium (DMEM), containing 200 mM glutamine, 
100 mg/L streptomycin, and 60-100,000 U/L penicillin. 

3. Tissue culture dishes (30-, 6-, 100-, and 150-mm diameter). 

4. Fetal calf serum (PCS). 

2.4.2. Generation of Recombinant Virus 

1. Monolayers of CSL503 or HV0156 cells (about 60% confluent). 

2. Tissue culture dishes. 

3. Falcon polystyrene tubes (Becton-Dickinson, Heidelberg, Germany). 

4. Infectious recombinant viral DNA {see Subheading 3.1.2.). 

5. Cell culture grade water. 

6. Transfection buffer: 273.8 mMNaCl, 10 mMKCl, 1,4 mMNa 2 HP 04 , 38.4 mM 
HEPES, pH adjusted to 6.75. 

7. 2.5MCaCl2. 

8. 15- and 50-ml polypropylene Falcon tubes (Becton-Dickinson). 

2.4.3. Large-Scale Production and Purification of Recombinant OAV 

1. Monolayers of CSL503 or HV0156 cells (about 75% confluent). 

2. Tissue culture dishes (150-mm diameter). 

3. Centrifuge bottles (500-mL, Nalgene, Rochester, NY). 

4. 14 X 95 mm ultra clear™ tubes (Beckman, Munchen, Germany). 

5. CsCl solutions at densities of 1.25, 1.35, and 1.5 g/cm^. 

6. NAP^'^-25 columns (Amersham-Pharmacia, Freiburg, Germany). 

7. Purification buffer: 10 mm Tris-HCl, pH 7.8, 135 mMNaCl, 3 ruMKCl, 1 mM 
MgCl 2 , 10% v/v glycerol. 

3. Methods 

3.1. Generation of Recombinant Viral Genomes 

3.1.1. Generation of Recombinant Viral Genomes by Direct Cloning 

Foreign DNA can be cloned directly into the site of interest. Cleavage of 
pOAV200, pOAdVbOO, and pOAdV603 at sites I, III, or II, respectively, can 
be performed using ^/»al and/or Ao/I. pOAVbOO andpOAV603 can also be cut 
by Sail. The expression cassette containing the gene of interest can be ligated 
into these sites for transformation into E. coli and selection of ampicillin-resis- 
tant clones. Whereas Sail and Notl can be blunt-ended by the large Klenow 
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fragment of DNA polymerase I, Apal overhangs must be removed by T4 DNA 
polymerase. For greater convenience, BspllOl (MBI fermentas, Vilnius, 
Lithuania) can be used to create blunt ends. 

3.1.2. Generation of Recombinant Virai Genomes by Recombination 
in E. coii BJ 5183 

Since cloning of large DNA constructs can be difficult, recombination of 
genes of interest into the OAV genome might be more effective. In the follow¬ 
ing, recombination of an expression cassette into site III of OAV603 is 
described. This follows a method described for human adenovirus vectors (21) 
and was applied to OAV with several reporter genes including human ai-antit- 
rypsin (haat), human factor IX, green fluorescent protein (gfp), and the E. coli 
lacZ gene. 

1. Ligate the gene of interest (including promoter region and polyA signal) into the 
polylinker of pOAVrecII (Fig. 3b and see Note 1). 

2. Transform ligation products into XL 1-blue (Stratagene, Amsterdam, Nether¬ 
lands) and select for chloramphenicol-resistant clones. 

3. Produce sufficient DNA to verify the plasmid structure and for the recombina¬ 
tion procedure (10-20 pg is sufficient). 

4. Release the recombination fragment containing the transgene cassette and flank¬ 
ing OAV sequences from the plasmid by restriction with appropriate endonu¬ 
cleases. The overlapping OAV sequences should extend at least 400 bp on either 
side of the expression cassette. For example, digestion with forGl will produce 
sufficient overlap. Alternatively, Pad and Nsi\ or Ndel might be used. Ensure 
that the expression cassette does not contain a Kpn\ site or one of the sites used 
for releasing the fragment. 

5. Gel-purify the recombination fragment and determine the DNA concentration. 
About 100 ng of gel-purified fragment is needed for recombination. Store at - 
20°C until use. 

6. Digest pOAV603 with Sail. Gel-purify the linearized DNA fragment, aliquot, 
and store at -80°C {see Note 2). 

7. Cotransform about 10 ng of the pOAV603 fragment together with 100 ng of the 
pOAVrecII fragment into competent E. coli BJ5183 cells and select ampicillin- 
resistant transformants. 

8. Prepare minipreps from 1.5 mL LB using standard procedures. Remove bacterial 
protein by extraction with phenol/chloroform to avoid degradation of plasmid 
DNA by bacterial endonucleases. Dissolve DNA in 30 pL TE/RNase and check 
the plasmid size on an agarose gel. 

9. Transform 5 pL of one miniprep into a recA minus E. coli strain (DH5, HB-101, 
and XLl blue have been used successfully) and select ampicillin-resistant 
transformants. 

10. Prepare maxiprep DNA and confirm the presence of the transgene cassette within 
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the recombinant OAV plasmid. For further procedures, about 50 pg of DNA will 
be needed. 

11. Digest 20-30 pg of recombinant OAV plasmid with Kpn\ to release infectious 
viral DNA. Perform a phenol/chloroform extraction followed by two chloroform 
extractions. 

12. Precipitate DNA with ethanol, wash with 70% ethanol, and dissolve the pellet in 
about 50 pL TE for at least 12 h at 4°C. Check the integrity on a 0.6% agarose gel 
and estimate the DNA concentration. This DNA will be used for transfection of 
CSL503 or HV0156 cells. 

3.2. Production of Recombinant Virus 

3.2.1. Cell Lines for Generation of Recombinant OAV 

The sheep fetal lung fibroblast line CSL503 (22) reportedly grows for SO¬ 
TO doublings (about 20-25 passages) and has been used to produce recombi¬ 
nant OAV. This cell line grows well under standard conditions (DMEM 
containing 10% FCS, 200 mM glutamine, 100 mg/L streptomycin, and 100,000 
U/L ampicillin) at 37°C and 5% CO 2 , but in our hands shows signs of senes¬ 
cence at higher passages (>12). Transfection of CSL503 cells was performed 
using cationic lipids (15). As an alternative, the cell line HV0156, derived 
from embryonic sheep skin (18) has been used for production of recombinant 
OAV. Virus titers with this cell line are slightly higher than those obtained 
with CSL503, and cells can be grown for 40 passages (about 100-120 
doublings) without loss in virus yield. HV0156 can be grown under the same 
conditions as CSL503 cells, but the best transfection results were obtained 
using the CaCl 2 coprecipitation method described below. 

3.2.2. Generation of Recombinant OAV Using HV0156 Cells 

1. One day prior to transfection, seed FIVO156 at a density of2 x 10"* cells/cm^ onto 
30-mm dishes. At the time of transfection, a confluency of about 60% is desir¬ 
able. Six hours before transfection, replace the medium with 2.5 mL of fresh 
DMEM/10% FCS. 

2. Mix 5 pg of infectious virus DNA (from Subheading 3.1.2, item 12) with water 
to a volume of 112.5 pL in a 12-mL polystyrene tube. Add 12.5 pL of 2,5 M 
CaCl 2 and mix thoroughly. 

3. Add 125 pL of transfection buffer drop by drop under permanent mixing {see 
Note 3). 

4. Add the transfection mixture (250 pL) to the medium and return cells to the incu¬ 
bator. 

5. After 12- 18 h, wash the cells once with medium, and then add 2.5 mL of fresh 
medium containing 10% FCS. 

6. A cytopathic effect (CPE) will become visible after 8-21 days. It is not necessary 
to change medium during this period. 
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7. Harvest the cells and supernatant, submit the cell suspension to three cycles of 
freezing and thawing, and spin down the cell debris. The supernatant will contain 
the Aq (amplification round 0 ) generation of the recombinant virus. 

8 . Produce Aj, A 2 , and A 3 generations of recombinant OAV by infecting permis¬ 
sive cells on 60-, 100 -, and 150-mm plates, respectively, with about 10 % of the 
previous virus generation. Infection is done in a small volume of medium over¬ 
night. Replace infection medium with 5, 10, or 30 mL, fresh DMEM/10% PCS, 
respectively. CPE becomes visible within 2 days, and harvest of virus should be 
performed at 72-96 h post infection. Harvest and process virus as in step 7. Pas¬ 
sage A 3 of the recombinant virus should give enough material for large-scale 
production. 

3.2.3. Large-Scaie Production and Purification of OAV Stocks 

Large-scale production of OAV is performed following the protocols for 
hAd vector production. The cell lysate containing the viral particles undergoes 
two subsequent CsCl gradients and salt is removed by gel chromatography. 
Alternatively, virus can be dialyzed against the desired storage buffer. 

1. Seed 20 150-mm plates with CSL503 or HV0156 cells at a density of 3 x 10"^ 
cells/cm^. 

2. The next day, remove medium and replace with 10 mL of fresh medium. Add 400 
jiL of virus lysate from the A 3 generation and allow the cells to stand for at least 
6 h in the incubator. Add medium to a volume of 30 mL and incubate cells for 
another 3 days. 

3. Collect cells and supernatant in a Nalgene 500-mL centrifuge bottle. Spin down 
the cells (400g) and carefully remove supernatant. Recentrifuge supernatant at 
700g and collect cells. Resuspend cells in a total volume of 12 mL seram-free 
DMEM and submit suspension to three steps of freezing and thawing. Spin down 
cell debris in a 15-mL Falcon tube at maximum speed. 

4. Prepare CsCl gradients in Beckman 14 x 95 mm ultra clear^'^ tubes by underlay¬ 
ing 2.5 mL of 1.25 g/cm^ CsCl with 2.5 mL of 1.35 g/cm^ and 2 mL of 1.5 g/cm^ 
CsCl. Carefully overlay the gradient with 6 mL of the cleared virus suspension 
from step 3 and ultracentrifuge for at least 2 h at 30,000 rpm (114,000g) and 8 °C 
in a Beckman SW40 rotor. Two bands will become visible after centrifugation, 
the lower one at the junction of the 1.25 and 1.35 g/cm^ layers contains the re¬ 
combinant OAV. 

5. Carefully transfer the band containing the virus to a fresh 50-mL Falcon tube, 
and add CsCl (1.35 g/cm^) to a total volume of 13 ml. Transfer virus suspension 
to a Beckman 14 x 95-mm ultra clear^*^ tube and centrifuge for at least 10 h 
under the same conditions as before. A single virus band should appear. 

6 . Remove the virus-containing band and apply it to a NAP^*^-25 column equili¬ 
brated according to the manufacturer’s instructions with purification buffer. 
Apply the sample and elute virus using the same buffer. Aliquot virus, freeze, 
and store at -80°C (^ee Note 4). 
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3.3.4. Determination of Virus Titer 

The number of viral particles (opu) can be determined according to the 
method of Maizel et al. (23) or Mittereder et al. (24) by measuring the absorp¬ 
tion at 260 nm. The number of infectious particles can be determined by a 
classical TCID 50 assay on HV0156 or CSL503 cells. Typical titers range 
between 10^ and 10^' infectious particles per mL {see Note 5). The yields of 
virus from CSL503 and HV0156 cells are typically in the range of 1,000- 
10,000 particles/cell, and the opu/IU ratio is usually between 10 and 40. 

4. Notes 

1. A problem related to the rescue of recombinant OAV may be the presence of 
cryptic splice donor or acceptor sites within the transgene cassette. Particularly 
for site I, these may interfere with correct processing of genes such as fiber that 
flank the integration site. Therefore, evaluation of more than one site for transgene 
insertion might alleviate this problem. Site III in particular appears to be located 
between transcription units (12). 

2. Avoid using glass milk-based kits for isolation of the large DNA fragment from 
agarose gel since it might be sheared because of its size. A good alternative is the 
use of a phenol extraction method: Cut out the gel fragment and slice it into small 
pieces. Put the gel pieces into an Eppendorf tube and add approximately the same 
volume of TE-saturated phenol. Vortex and allow to stand on the bench for 10 
min. Transfer the Eppendorf tube to liquid nitrogen and leave it for another 10 
min. Centrifuge for 20 min in a tabletop centrifuge at maximum speed, extract the 
supernatant with phenol/chloroform and chloroform, and precipitate the DNA with 
ethanol. After washing with 70% ethanol, dissolve DNA pellet in Tris-EDTA for 
at least 12 h at 4°C. 

3. The transfection efficiency will be critical for successful rescue of OAV recombi¬ 
nants. Therefore, the pH of the transfection buffer has to be adjusted very care¬ 
fully (use two pH meters if available). Moreover, rapid addition of the transfection 
buffer to the CaCl 2 -DNA solution will result in large precipitates, which might be 
harmful to cells and will reduce transfection efficiency. 

4. Purification buffer is used for equilibration of the NAP™-25 column as well as 
for elution of virus and storage. Alternatively, virus can be dialyzed against a 500- 
fold volume of this buffer for at least 6 h at 4°C. As with human adenoviruses, 
repeated thawing and freezing of virus can result in loss of activity and should 
therefore be avoided. Storage on dry ice will also result in loss of virus infectivity 
because of pH change in the storage buffer. 

5. Plaque assays for titration and isolation of OAV recombinants using CSL503 and 
HV0156 cells are not always successful. This might be caused by inhibition of 
virus spread by agar compounds. However, the isolation of single virus plaques is 
not necessary because OAV recombinants are derived from cloned plasmid DNA, 
and homologous recombination between the viral genome and sequences of the 
producer cells, as was described for human adenovirus vectors on 293 cells, do 
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not occur. All recombinant OAV produced so far are replication competent in 
CSL503 and HV0156 cells but replicate abortively in other cell types. 
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Highly Purified Recombinant Adeno-Associated 
Virus Vectors 

Preparation and Quantitation 

Bruce Schnepp and K. Reed Clark 


1. Introduction 

Adeno-associated virus (AAV) is a nonpathogenic, replication-defective 
parvovirus that is being developed as a vector for human gene transfer. The 
recent interest in recombinant (r)AAV has been driven by the unexpected find¬ 
ing that these simple vectors can efficiently transduce a variety of postmitotic 
cells in vivo, resulting in robust long-term gene expression. Efficient in vivo 
gene transfer via rAAV transduction requires reasonably high multiplicities of 
infection, estimated to be between 10^ and 10^ DNA-containing particles per 
cell depending on the cell type targeted. Moreover, based on large animal stud¬ 
ies, a clinical dose in humans will require lO'^-lO^^ rAAV vector particles, 
depending on the level of therapeutic protein expression needed for treatment 
efficacy (1). Therefore, the ability to produce pure, high-titer rAAV is critical 
for clinical applications. This chapter discusses the isolation of stable rAAV 
producer cell lines and the associated downstream methods of vector purifica¬ 
tion and quantitation. 

1.1. Requirements for rAAV Production 

There are three essential components for rAAV production: 

1. The first element is the rAAV vector, which is a transgene expression cassette 
flanked by AAV inverted terminal repeats (ITRs). The AAV ITRs are located at 
the ends of the AAV genome and contain all the cis sequence information neces- 
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Fig. 1. Schematic of rAAV producer cell biology. A stable rAAV producer cell 
contains 5-20 integrated copies of the pTP-D6deltaNot plasmid (or its derivative). 
rAAV is produced by infecting cells with adenovirus, which induces rep-cap gene 
amplification (> 100-fold) and rep protein production. Rep proteins then transactivate 
the p40 cap gene promoter and are also required for rAAV vector replication. The 
single-stranded rAAV genome (both polarities) is encapsidated into preformed virions 
within the nucleus. After development of adenovirus-induced cytopathic effect, rAAV 
is purified from contaminating adenovirus using heat inactivation and affinity chro¬ 
matography. 


sary for vector DNA replication and encapsidation (2,3). As a result, this vector 
contains only 6% of the wild-type genome and lacks all viral coding sequences. 
During rAAV synthesis from stable cell lines, the rAAV vector genome is excised 
from the host cell chromosome and replicated, and the single-stranded genome is 
packaged into preformed AAV virions. 

2. The two AAV genes (rep and cap), which encode replication and AAV structural 
proteins, are expressed in trans to provide required AAV helper functions. The 
physical separation of these genes and the ITR packaging signal is critical for 
avoiding the illegitimate formation of wild-type AAV. The rep gene possesses 
two promoters (p5 and pl9), from which four Rep proteins are expressed (Rep78, 
Rep68, Rep52, and Rep40). The p5-derived Rep proteins (Rep78 or Rep68) are 
essential for rAAV replication. Three capsid proteins (VPl, VP2, and VP3) are 
synthesized following transcription from the rep-inducible p40 cap gene pro¬ 
moter. 
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Fig. 2. Tripartite rAAV producer plasmid for stable cell line production. The base 
vector (pTP-D6deltaNot) contains three components necessary for stable cell line pro¬ 
duction. 1. A gene expression cassette flanked by AAV ITRs (arrowheads) containing 
the IE CMV promoter/enhancer, SV40 large T-antigen intron, and polyadenylation 
signal, all derived from plasmid pCMVB (Clontech). Alternative cDNAs can be readily 
replaced using Notl restriction sites. 2. Rep and cap helper genes are supplied in trans 
under control of the endogenous p5, pl9, and p40 promoters. 3. For stable cell line 
selection, the plasmid also possesses the neomycin resistance gene under the control 
of SV40 promoter and thymidine kinase polyadenylation signal. 

3. Lastly, because AAV and recombinant derivatives are replication defective, these 
viruses require helper virus gene products from adenovirus or herpes virus for 
efficient viral production. The helper virus (or specific helper virus genes) is 
necessary to provide a favorable intracellular milieu for robust rAAV replication 
and capsid viral synthesis. 

1.2. Stable Cell Line Production 

Several methods are currently in use for the large-scale production of rAAV 
using packaging cell lines (4-9). We have developed a simplified method for 
generating rAAV based on stable HeLa cell lines containing integrated copies 
of the AAV rep and cap genes and an rAAV vector (4). To generate rAAV, the 
cells are simply infected with wild-type adenovirus, which results in induction 
of the integrated p5 rep promoter, which in turn initiates an expression cascade 
resulting in rAAV synthesis. This process is shown schematically in Figure 1. 
rAAV producer cell lines are isolated by cloning the desired cDNA sequence 
into an expression cassette that is flanked by AAV ITRs. Also present on this 
producer plasmid (pTP) is a selectable marker gene (neomycin resistance) and 
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the native rep-cap helper genes (Fig. 2). Following plasmid transfection of 
FleLa cells, stable cell lines are isolated and screened for viral production by 
adenovirus infection, and yields are quantitated by real-time PCR (10). Depen¬ 
ding on the producer cell line, viral yields between 5x10^ and 2 x 10"^rAAV 
DNA-containing particles per cell are typical. Importantly, recombinant virus 
generated in this manner appears to be free of replication-competent wild-type 
AAV (<1 lU of wild type AAV/10*^ DRP rAAV). As with all stable cell line 
production methods, the process is amenable to high-density cell growth, and 
we routinely culture >10'° producer cells per vector production run using a 
small-scale adherent cell bioreactor (Coming Cell Cube). Assuming a particle 
per cell yield of 10^, this stable cell line approach can yield >10*"' rAAV par¬ 
ticles per vector preparation. 

1.3. Vector Purification 

A significant advance in rAAV vector technology has been the recent devel¬ 
opment of refined chromatography purification methods that render traditional 
isopycnic CsCl gradient purification obsolete (10-12). Importantly, vector pu¬ 
rity, biological potency, and process throughput are all increased using these 
chromatographic methods. We have achieved large-scale (>1 L) vector purifi¬ 
cation from clarified cell lysates in <1 day. This approach uses a commercial 
heparin sulfate resin as an affinity ligand for viral purification. Using a single¬ 
pass purification procedure, rAAV recoveries are on average >70%, and purity 
is estimated to be >95%. Column capacity is >10*"' DNA-containing particles. 
This method also appears to produce lower DNA-containing particle/infectious 
particle ratios (<100:1) than that observed using CsCl purification. Thus, this 
simplified method allows rapid vector purification that is essentially free of 
contaminating cellular and helper virus proteins. 

1.4. Vector Titration 

No standard method exists for quantitating rAAV vector preparations, which 
has resulted in some confusion in the field. Essentially, rAAV can be measured 
in four ways: 

1. A physical particle titer that enumerates the total number of viral particles 
(whether containing DNA or not) present in a rAAV preparation. A particle titer 
can be determined by direct counting of particles by electron microscopy, or by 
using a commercial enzyme-linked immunosorbent assay (ELISA) (13). 

2. The second method determines the number of DNase-resistant vector genomes 
(encapsidated viral genomes) present in the rAAV vector stock. As we will detail, 
the advantage to this measurement is that titers can now be rapidly generated in 
approximately 4 h by using quantitative polymerase chain reaction (PCR) (10). 
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Moreover, comparable DNase-resistant genome titers can be derived for all vec¬ 
tor preparations, regardless of the transgene or promoter used in the construct. 

3. The third method determines the proportion of viral particles that can infect and 
replicate in a target cell line. This method, commonly referred to as a replication 
center assay, determines the number of infectious units in a rAAV preparation by 
intracellular amplification of the rAAV genome in the presence of wild-type AAV 
and adenovirus (14). Detection of rAAV replication foci was accomplished by 
filter hybridization of infected cell monolayers. Herein, we have extended this 
approach using a stable cell line (Cl2) expressing the rep gene to facilitate repli¬ 
cation-based titration, combined with real-time PCR detection of the amplified 
vector genomes. 

4. Lastly, a transduction (expression) titer measures the number of virus particles 
competent to infect and express the transgene in the target cell. However, widely 
varying titers (over 3 orders of magnitude) can be generated from the same vec¬ 
tor stock by altering the target cell line or the intracellular environment (e.g., 
concurrent helper adenovirus infection or cell confluency). Ideally, for each 
rAAV production method, the viral yields should be expressed in the form of 
infectious units/cell and DNase-resistant vector genome particles/cell. If these 
values are known, each rAAV vector preparation can be defined in terms of the 
DNase resistant particle/infectivity ratio. We have found that for most column 
purified rAAV preparations this ratio is 10-100:1. 

2. Materials 

2.1. Generation of Producer Cell Lines 

2.1.1. Generation of rAAV Producer Piasmid (pTP) Containing 
the Desired Transgene (cDNA) 

1. Qiaquick-Spin columns (Qiagen). 

2. Tripartite rAAV producer plasmid pTP-D6deltaNot or similar construct (may be 
obtained from authors). 

3. Dulbecco’s modified Eagle’s medium (DMEM) containing 100 U/mL penicillin, 
100 |ag/mL streptomycin, and 10% fetal bovine serum (FBS). 

4. Ultra-Competent DH5-alpha E. coli cells (Gibco-BRL). 

5. SuperFect Transfection Reagent (Qiagen). 

6 . Mscl and Sma\ restriction enzymes (New England Biolabs). 

2.1.2. Producer Ceii Line Generation Using Superfect Transfection 
Reagent 

1. Low-passage HeLa cells obtained from American Type Culture Collection (cat. 
no. CCL-2) split 1:20 every 4-5 days in DMEM media. 

2. DMEM media {see Subheading 2.1.1.). 

3. Hanks’ balanced salt solution (HBSS). 

4. 100 mg/mL geneticin stock solution dissolved in 100 mMHEPES, pH 7.4 (Gibco- 
BRL). 
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5. 2% trypsin solution. 

6 . Phosphate-buffered saline (PBS): 1.0% NaCl, 0.025% KCl, 0.14% Na 2 HP 04 , 
0.025% KH 2 PO 4 (all w/v), pH 7.4. 

7. SuperFect Transfection Reagent (see Subheading 2.1.1.)- 

8 . Tissue culture dishes: 6 -well, 96-well, 100-mm plates (Falcon). 

9. CsCl-purified adenovirus type 5 stock (10'° plaque-forming units [pfu]/mL). 

10. 10% deoxycholic acid stock solution (Sigma). 

11. DNase I (Gibco-BRL, cat. no. 18047-019). 

12. DNase digestion buffer: 150 mMNaCl, 1 mAf MgCl 2 , 20 mMTris-HCl, pH 8.0, 
0.5% deoxycholic acid, 750 U/mL DNase I. 

13. 96-well dot-blot apparatus (convertible fdtration manifold system; Gibco-BRL). 

14. Positively charged nylon membrane (Boehringer-Mannheim). 

15. Denaturation buffer: 4 MNaOH, 50 mMEDTA, 10 |lg/mL herring sperm. 

16. 2x SSC solution: 0.3 MNaCl, 0.03 M sodium citrate, pH 7.0. 

17. UV crosslinker (Hybilinker HL-2000, UVP Lab Products). 

18. DIG High Prime DNA Labeling and Detection Starter Kit II (Boehringer 
Mannheim). 

19. X-ray fdm (Kodak X-OMAT). 

2.7.3. Mid-Scale Production Screen 

1. Tabletop centrifuge (Beckman GS- 6 R). 

2. T-175 tissue culture flasks. 

3. 250-mL conical tubes (Coming). 

4. Adenovims type 5 stock (see Subheading 2.1.2.). 

5. TMN: 20 mMTris-HCl, pH 8.0, 1 mMMgCl 2 , 150 mMNaCl. 

6 . 10% deoxycholic acid stock solution (see Subheading 2.1.2.). 

7. Benzonase nuclease (EM Industries, cat. no. L016979M). 

8 . UNIFLO-25 1.2-jam syringe filter (Schleicher & Schuell, cat. no. 02360). 

2.2. Vector Purification 

2.2.1. Cell Lysate Preparation and Column Chromatography 

1. Benzonase nuclease (see Subheading 2.1.3.). 

2. 10% deoxycholic acid stock solution (see Subheading 2.1.2.). 

3. Polycap 75 SPF Serum Capsule (Whatman Scientific, cat. no. 6705-7500). 

4. Masterflex (Cole-Parmer) or similar peristaltic pump (7016 pump head). 

5. Silicon pump tubing (L/S 16 platinum tubing, Cole-Parmer, cat. no. 96410-16). 

6 . Biocad Sprint high-performance liquid chromatography (HPLC) system (Applied 
Biosystems) or similar fast protein liquid chromatography (FPLC)/HPLC sys¬ 
tem. 

7. POROS HE20/M heparin sulfate column (Applied Biosystems). 

8 . Column equilibration buffer: 20 mMTris-HCl, pH 8.0, 100 mMNaCl. 

9. SYPRO-Orange stain (Bio-Rad, cat. no. 170-3120). 

10. 10% HCl-Tris Ready gel (Bio-Rad, cat. no. 161-1155). 

11. SYPRO-Orange Broad Range Molecular Marker (Bio-Rad, cat. no. 161-0332). 
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12. Slide-A-Lyzer dialysis cassettes (Pierce Chemical, lOK MWCO). 

13. Sterile glycerol (50% v/v). 

2.3. Vector Quantitation 

2.3.1. Quantitation of DNase-Resistant Vector Genomes 

1. Taqman 7700 Sequence Detector (PE Applied Biosystems). 

2. TaqMan PCR Core Reagent Kit (contains all reagents for TaqMan PCR reaction 
except gene-specific primers/probe set and DNA template) (PE Applied 
Biosystems, cat. no. N808-0228). 

3. lx PCR buffer: 50 mMKCl, 10 mMTris-HCl, pH 8.3, 5 mMMgCl 2 , and 0.01% 
(w/v) gelatin. 

4. MicroAmp Optical 96-well/tube plate (PE Applied Biosystems, cat. no. N801- 
0560). 

5. MicroAmp Optical caps, 8 caps/strip (PE Applied Biosystems, cat. no. N801-0935). 

6 . Gene-specific PCR primers and dual fluorescent oligonucleotide (PE Applied 
Biosystems). 

7. PicoGreen DNA Quantitation Kit (Molecular Probes). 

8 . Tissue culture plate: 24-well (Falcon). 

9. DMEM media (see Subheading 2.1.1.). 

10. C12 cells (may be obtained from authors). 

11 . Adenovirus type 5 stock (see Subheading 2.1.2.). 

12. DNase I (iee Subheading 2.1.2.). 

13. Proteinase K, 10 mg/mL (Gibco-BRL, cat. no. 25530-015). 

14. Qia-Amp blood isolation kit (Qiagen). 

15. Qiagen Vacuum Manifold for Qiagen spin columns. 

3. Methods 

3.1. Generation of Recombinant AAV Producer Ceii Lines 

This section details the generation and isolation of optimal rAAV producer 
cell lines. The method is predicated on the generation of a producer plasmid 
that contains the desired cDNA cloned into an expression cassette that is 
flanked by AAV ITRs. Once the function of the rAAV producer plasmid is 
confirmed, stable cell line isolation using HeLa cells is begun. Based on our 
experience, HeLa cells yield the highest titer of rAAV per cell. A two-step, 
high-throughput screening process is described, whereby 192 cell clones are 
selected and analyzed to isolate superior producer cell lines (>5000 rAAV par¬ 
ticles/cell). A schematic of the cell isolation process is shown in Figure 3. 

3. 1.1. Generation of rAAV Producer Piasmid (pTP) Containing 
the Desired Transgene (cDNA) 

1. Clone the desired cDNA into rAAV producer plasmid pTP-D6deltaNot using the 
unique Notl restriction sites (Fig. 2). This places the cDNA downstream of the 
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Fig. 3. Stable rAAV producer cell line screening strategy. HeLa cells are initially 
transfected with a functional pTP producer plasmid, and the resulting neomycin-resis¬ 
tant cell colonies are picked into 96-well plates. Subsequently, a test plate is adenovi¬ 
rus infected to induce rAAV production. Cells producing high levels of rAAV are 
identified using a high-throughput dot-blot hybridization protocol with a probe spe¬ 
cific to the rAAV genome. The top 5 producer lines are expanded for midscale rAAV 
screening, whereby rAAV from each line is purified by heparin affinity chromatogra¬ 
phy. The yield of purified rAAV particles from each line is quantified using real-time 
PCR to determine the rAAV particles per cell. 


immediate early cytomegalovirus (IE CMV) promoter and between the AAV 
ITRs. 

2. Transform DH5-alpha E. coli and screen 40 ampicillin-resistant colonies by size 
using a supercoiled quick screen {see Note 1). Usually 10% of colonies contain 
the desired cDNA insert. 

3. Check AAV ITR integrity by restriction enzyme digestion with Smal and Msc\, 
which cut within the ITRs, and a second restriction enzyme digestion to orient 
the cDNA sequence 5'-3' relative to the promoter {see Note 2). 

4. Select two putative clones, and transfect plasmid pTP DNA into HeLa cells using 
Superfect Transfection Reagent {see Subheading 3.1.2.). 

5. Two days post transfection, confirm transgene expression by either immunofluo¬ 
rescence or Western blot analysis on the transfected cell lysate. 
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3.1.2. Producer Cell Line Generation Using Superfect 
Transfection Reagent 

1. Once a functional producer plasmid clone is identified, the isolation of stable cell 
lines is begun by seeding 2x10^ low-passage HeLa cells into a 6-well plate in 
DMEM media. 

2. The next day, dilute 2 pg of supercoiled producer plasmid DNA (dissolved in TE, 
pH 7.4) with HESS in a total volume of 100 pL in a 1.5-mL microfuge tube. Mix 
and spin down. 

3. Add 10 pL of SuperFect Reagent to the DNA solution. Mix by pipeting up and 
down several times, and incubate the mixture at room temperature for 10 min 
(see Note 3). 

4. While the transfection mixture is incubating, remove growth media from HeLa 
cells and wash cells once with 2 mL of PBS. 

5. Add 1 mL of DMEM media (including serum and antibiotics) to the transfection 
mixture, pipet up and down 2 times, and immediately add the mixture over the 
entire HeLa cell well in a dropwise manner. Incubate for 2 h at 37°C in a 5% CO 2 
incubator. 

6. Aspirate media from the cells, wash 2x with PBS, and then add 2 mL of DMEM 
containing serum and antibiotics. Incubate overnight. 

7. The next day, trypsinize transfected cells and plate in 100-mm tissue culture 
dishes in 10 mL of media at the following dilutions: 5 dishes at 5 x 10^ cells, and 
5 dishes at 7.5 x 10^ cells, 5 dishes at 10"* cells. Move dishes gently from side to 
side to distribute cells evenly. 

8. After 2 days, aspirate cell media and replace with DMEM media supplemented 
with 700 pg/mL Geneticin (G418). 

9. Continue incubating cells for 6-8 days in selective media until cell colonies 
appear (see Note 4). 

10. When colonies are 2-3 mm in diameter, aspirate selective media from cells and 
wash with 10 mL of HBSS to remove cell debris. Add 8 mL of fresh selective 
media to dishes, and with a P-1000 pipetman (containing a sterile filter tip) 
depress the plunger and place the pipet tip over a single colony. Rotate the pipet 
to loosen cells and slowly release pressure on plunger to aspirate cells into tip 
along with 200 pL of media. Transfer cells into a single well of a 96-well plate. 
Pick 2 X 96-well plates in this manner. 

11. Incubate cells in 96-well plates for approximately 4-6 days until 50% of wells 
are confluent (see Note 5). 

12. Using a multichannel pipet, remove media and trypsinize cells in 20 pL volume. 
Add 150 pL of selective media, and resuspend cells well by pipeting up and down 
several times. Place 30 pL of the cell suspension into a 96-well “master plate” 
containing 150 pL of fresh selective media. Place 100 pL of the cell suspension 
into a separate 96-well “test plate” containing 100 pL of fresh selective media. 
Incubate both sets of plates at 37°C. 

13. After overnight incubation of the test plates, aspirate media using a multichannel 
pipet, and add 100 pL of 2% DMEM containing lO^pfu of adenovirus 5 per well. 
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14. Incubate test plates at 37°C for 36 h. Then carefully remove media (not detaching 
rounded cells) and add 100 juL of DNase digestion buffer to each well (see Note 
6). Incubate at 37°C for 30 min. 

15. Add 10 juL of denaturation buffer to each well and incubate at 65°C for 30 min. 

16. Transfer cell lysates to a dot-blot apparatus on positively charged nylon mem¬ 
brane prewetted in 2x SSC. Apply lysate to apparatus and rinse wells with 100 
pL of0.4MNaOH. 

17. Remove nylon membrane, rinse twice with 2x SSC for 5 min, and allow mem¬ 
brane to air-dry for 15 min. Crosslink DNA to membrane using a UV crosslinker 
apparatus. 

18. Hybridize membrane using a digoxigenin (or radioactive) labeled DNA probe 
specific for the transgene. Detect hybridization by chemiluminescence and expose 
to X-ray film. 

19. Expand from master plate the 10 individual cell clones exhibiting the strongest 
hybridization and proceed to the midscale screen (see Note 7). 

3.1.2. Midscale Production Screen 

1. Expand putative rAAV producer cells until sufficient cells are present to seed 
three T-175 tissue culture flasks at a density of 6 x 10® cells/flask in DMEM 
media containing 2% FBS. 

2. The next day, dilute an adenovirus stock in HESS to a concentration of 2 x 10* 
pfu/mL and add 1 mL/flask. 

3. Harvest cells at maximum complete cytopathic effect (CPE; all cells rounded 
with 10% floating), which is usually 48 h post infection. The cells should detach 
easily from the flask with a gentle tap. Pellet cells in a tabletop centrifuge at 2000 
rpm (lOOOg) for 10 min at 4°C. 

4. Resuspend the cell pellet in 6 mL of TMN. 

5. Add deoxycholic acid to a final concentration of 0.5% and mix the lysate well 
(do not vortex). 

6. Add Benzonase nuclease to a final concentration of 50 U/mL, mix, and incubate 
the lysate at 37°C for 30 min with intermittent mixing every 10 min to ensure 
complete cell lysis. 

7. Clarify the lysate at 3500 rpm (2000g) for 30 min at 4°C to remove debris. Trans¬ 
fer the clarified lysate to a new 50-mL conical tube, and heat-inactivate adenovi¬ 
rus at 56°C for 30 min with intermittent vortexing every 10 min. 

8. Quick freeze in a dry ice/ethanol bath and store at -20°C overnight (see Note 8). 

9. After thawing, remove the floculent precipitate by centrifugation at 3500 rpm 
(2000g) for 30 min at 4°C. Filter the supernatant through a 1.2-pm syringe filter. 

10. Purify small-scale vector preparation by heparin sulfate column chromatography 
(see Subheading 3.2.). 

11. Analyze small-scale preparations by quantitative PCR to derive the DNase-resis¬ 
tant vector genomes per cell (see Subheading 3.3.1.). Calculate the particle per 
cell yield for each cell line. The optimal cell line should produce >5000 rAAV 
vector particles per cell. 
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12. Expand the optimal producer cell line (in the presence of Geneticin) for large- 
scale rAAV vector production (see Note 9). 

3.2. Vector Purification 

3.2.1. Cell Lysate Preparation and Column Chromatography 

rAAV-containing cell lysates for heparin column chromatography are eas¬ 
ily prepared by detergent lysis, followed by the addition of an endonuclease to 
reduce lysate viscosity. Finally, the lysate is filtered through a l-pm serum 
filter prior to column application. 

1. Resuspend rAAV producer cells in TMN at a cell density of 5 x 10® cells/mL. 
Add deoxycholic acid and Benzonase to a final concentration of 0.5% and 50 U/ 
mL, respectively, and incubate for 30 min at 37°C with intermittent mixing. 

2. Remove cellular debris by tabletop centrifugation at 3500 rpm (2000g) for 15 
min at 4°C. Heat the clarified lysate to 56°C for 45 min to inactivate adenovirus 
and then freeze at -20°C overnight. 

3. Thaw the lysate at 37°C and remove the floculent precipitate by centrifugation 

(2000g). 

4. Filter the supernatant through a l-pm serum capsule filter unit using a peristaltic 
pump at a flow rate of 10 mL/min. The cell lysate is ready for column applica¬ 
tion. 

5. Connect a POROS HE20/M heparin column (1.7-mL bed volume) to a Biocad 
Sprint HPLC system (Applied Biosystems) or similar FPLC/HPLC system. 

6. Equilibrate the column with 20 mL of equilibration buffer at a flow rate of 5 mL/ 
min. 

7. Apply the clarified cell lysate (<1.2 L) to the column at a flow rate of 3-5 mL/ 
min at ambient temperature using the internal Biocad system pumps. The system 
back pressure should not be allowed to exceed 800 psi, and lysate conductivity 
should be between 12 and 16 mS. 

8. After sample loading, the column is washed with 60 mL of equilibration buffer at 
3 mL/min. The A 280 should return to baseline (>0.005). 

9. Elute rAAV by application of a linear NaCl gradient from 0.1 to 1 M (pH 8.0) at 
a flow rate of 3 mL/min over 20 column volumes (approx 34 mL). Collect 1-mL 
gradient fractions, with the single dominant protein peak eluting at approx 0.35 
MNaCl. 

10. To determine peak virus containing fractions, run a small aliquot (20 |UL) of indi¬ 
vidual fractions on a 10% sodium dodecyl sulfate-polyacrylamide gel electro¬ 
phoresis (SDS-PAGE) gel followed by fluorescent staining (SYPRO-Orange). 
Identify those fractions that contain the highest levels of the three AAV capsid 
proteins (87-kDa VPl, 73-kDa VP2, and 61-kDa VP3). 

11. Pool the peak virus-containing fractions (typically three) and dialyze against three 
changes of 20 mMTris-HCl, pH 8.0, 2 mMMgCl 2 , 150 mMNaCl, and store in 
aliquots at -80°C in 5% glycerol (see Note 10). 
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12. Determine rAAV vector yield using the titration methods detailed in Subhead¬ 
ing 3.3. 

13. Clean heparin column with 10 mMTris-HCl (pH 8.0), 2.4 AfNaCl at a flow rate 
of 5 mL/min followed by column equilibration with 20 mL of equilibration buffer 
prior to storage at 4°C (see Note 11). 

3.3. Vector Quantitation 

3.3.1. Quantitation of DNase-Resistant Vector Genomes 

In this section we describe a rapid, reproducible, and sensitive PCR-based 
method to measure DNase-resistant rAAV particles (DRPs). The DRP Taqman 
assay is essentially a modified dot-blot protocol whereby purified rAAV is 
serially diluted and sequentially digested with DNase I and proteinase K. A 
portion of the treated sample is then subjected to quantitative PCR analysis 
using the PE Applied Biosystems Prism 7700 sequence detector system 
(15,16). Comparison with a plasmid standard curve (using system software) 
allows accurate quantitation of the initial vector genome copy number. 

1. Prepare 10'^, 10'^, and 10'^ serial dilutions of a rAAV viral stock in lx PCR 
buffer. 

2. Digest 100 pL of each rAAV serial dilution with 1 pL DNase I (350 U) for 30 min 
at 37°C {see Note 12). 

3. Place a second 100-pL aliquot of the rAAV serial dilutions into separate 
microfuge tubes and maintain at 4°C. These serve as minus DNase I control 
samples. 

4. After DNase digestion, add 10 pg of proteinase K (1 pL) to all samples and incu¬ 
bate at 50°C for 1 h. 

5. Inactivate the proteinase K by a 20-min incubation at 95°C. 

6. Add 2.5 pL of the treated rAAV vector dilutions to 22.5 pL of a standard IX 
Taqman PCR master mix (PE Applied Biosystems) that contains the appropriate 
Taqman primers and probe sequences at their working concentrations to a 96- 
well/tube Taqman PCR plate {see Note 13). 

7. Concurrently, set up a DNA plasmid standard curve in triplicate using 10^-10® 
AAV genome equivalents. To prepare a plasmid DNA standard for Taqman PCR, 
first accurately determine the plasmid DNA concentration by using a DNA-spe- 
cific fluorescent stain (PicoGreen DNA Quantitation Kit; Molecular Probes). 

8. Next, prepare a plasmid stock of 10^** copies/mL in TE and aliquot at 50 pL/tube. 
Store these aliquots at -20°C and use this stock to prepare 10-fold serial dilutions 
that will allow quantitation of between 5x10' and 5x10® plasmid molecules per 
Taqman reaction {see Note 14). 

9. Perform a standard 40-cycle Taqman PCR amplification (50°C, 2 min, 1 cycle; 
95°C, 10 min, 1 cycle; 95°C, 15 s, 60°C, 1 min, 40 cycles) using the Taqman 
7700 PCR Sequence Detector {see Note 15). 
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10. Using the system software, calculate the initial vector particle titer by comparing 
the amplification profile of the sample unknowns with the plasmid standard curve. 
The final titer is derived by multiplying the vector particle value by the dilution 
factor and then by 400 to derive a titer per mL. An example of a typical amplifi¬ 
cation profile is shown in the bottom left of Figure 3 (see Note 16). 

3.3.2. Infectious rAAV Titration Using Quantitative PCR 

A second assay, developed for infectious rAAV titration, also uses a quanti¬ 
tative PCR approach. We have previously demonstrated the utility of a stable 
rep-cop-expressing HeLa cell line (C12) for replication-based rAAV titration 
(12,17). The assay is based on the ability of rAAV to replicate in C12 cells 
following coinfection with adenovirus. Using quantitative PCR, an end-point 
titer is generated based on the highest stock dilution that results in detectable 
rAAV vector genome amplification when compared with input vector (no ad¬ 
enovirus). The detection of rAAV replication at an end-point dilution could 
therefore be used to derive an infectious end-point titer (TCIDjq). At 36 h post 
infection, total cellular DNA is isolated from each infected well and subjected 
to quantitative PCR. Because of the extreme sensitivity of PCR-based meth¬ 
ods, low levels of rAAV input DNA are amplified in the absence of adenovirus 
infection. However, at some dilutional end point, the input rAAV vector ge¬ 
nomes will become titratable and thus undetectable by PCR, whereas cells in¬ 
fected by rAAV (in the presence of adenovirus) will replicate and result in an 
increase of > 10-fold in the rAAV vector genome levels over input. 

1. Seed two 24-well plates with 7 x 10“^ C12 cells/well in DMEM media. One plate 
will be adenovirus infected, and the other plate will serve as a control for input 
virus. 

2. The next day, prepare 10-fold serial dilutions of the rAAV stock from 10'^ to 10" 

using DMEM media containing 2% FBS. 

3. Working with the minus Ad5 plate first, aspirate the media from the plate and 
infect cells with 0.5 mL of each viral dilution (6 wells total). 

4. Aspirate the media from the adenovirus (+) plate. Starting with the highest dilu¬ 
tion, infect 4 wells with 0.5 mL from each viral dilution (24 wells total). 

5. Add 100 pL of DMEM media (2% FBS) containing 3x10® pfu of adenovirus 
type 5 to each well of the adenovirus (+) plate. 

6. As a negative control, place 0.5 mL of 2% FBS DMEM on C12 cells alone. 

7. After 36 h of incubation, the cells are ready for DNA isolation using a QIAamp 
Blood Isolation Kit-250. Starting with the adenovirus (-) plate, aspirate the media 
from the wells, and add 200 pL of lx PBS to each well. 

8. Add 25 pL of Qiagen Proteinase K and 200 pL of buffer AL. Gently rock the 
plate to ensure complete lysis. 

9. Transfer the lysate from each well into a 1.5-mL microfuge tube, and incubate at 
70°C for 10 min. 
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10. Add 210 |jL of 100% ethanol to each tube and vortex. Load DNA/ethanol mix¬ 
ture onto DNA spin columns that are hooked up to a Qiagen vacuum manifold. 
Allow the DNA/ethanol to enter the column completely, then wash with 500 |aL 
of buffer Qiagen wash buffer (AW), and repeat. 

11. Transfer each spin column to a new 1.5-mL microfuge tube, and elute DNA by 
the addition of 100 pL of buffer Qiagen elution buffer (AE) preheated to 70°C. 
Wait 1 min and then spin at 8000 rpm (6000g) for 1 min. Store DNA at 4°C prior 
to use. 

12. Repeat steps 7-11 for adenovirus-infected samples. 

13. Prepare the Taqman lx master mix by adding the appropriate concentrations of 
primers and probe specific for your transgene or promoter to the supplied 2 x 
Taqman master mix. 

14. Add 22.5 pL of the Taqman master mix to each tube of the 96-tube/plate. Add 2.5 
pL of the DNA sample (approx 500 ng) to each well and cap wells (see Note 17). 

15. Perform a standard 40-cycle Taqman amplification on the Taqman 7700 
Sequence Detector. 

16. A standard curve is not necessary for this assay, although 10^ plasmid targets 
should be run to serve as a positive control for the Taqman PCR reaction. 

17. To determine an end-point infectious titer for the rAAV preparation, compare the 
amplification curve for each adenovirus-infected well with the input amplifica¬ 
tion profile at that particular dilution of the minus adenovirus sample. A cycle 
threshold difference of 3 or greater is indicative of input rAAV viral replication, 
and the well is scored positive. After scoring the wells, calculate a TCID 50 end¬ 
point titer using the Reed-Muench formula (see Note 18). 

4. Notes 

1. Because of possible plasmid instability, grow all bacteria harboring AAV ITR- 
containing plasmids at 32°C. Rapid analysis of potential recombinant clones can 
be accomplished by screening the bacterial colonies by plasmid size using a 
supercoiled DNA plasmid ladder (Gibco-BRL). 

2. ITR sequences can spontaneously rearrange or delete upon passage into bacteria. 
Therefore, all ITR-containing clones should be digested with Smal and Mscl, 
both of which cut within the ITRs. 

3. We have used other transfection compounds (dioleoyl-trimethyl ammonium pro¬ 
pane [DOTAP], Effectene, and CaP 04 ) with similar results. 

4. Selective media should be changed every 4-5 days depending on accumulation 
of cellular debris. 

5. The cells will grow at different rates; in general, 25% of cells are fast growing, 40% 
are medium growing, 25% are slow growing, and 10% will die when transferred. 

6 . The DNase treatment is optional and can be omitted. Inclusion of this step helps 
to reduce the number of putative rAAV vector-producing cell lines. 

7. Typically, 10 cell lines are expanded and >10^ cells from each are frozen (90% 
FBS + 10% dimethyl sulfoxide [DMSO]) and stored in liquid N 2 . The top five 
lines are expanded for midscale screening. 
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8 . Freezing of the lysate results in cellular protein precipitation that greatly increases 
the purity of the rAAV after column chromatography; therefore this step should 
not be omitted. 

9. We have achieved large-scale producer cell growth (>10^°) using the Coming 
Cell Cube; alternatively, cells can be grown in T175 tissue culture flasks (100- 
400). One to 3 days after seeding, cells are adenovirus infected at a multiplicity 
of infection (MOI) = 100. Harvest cells at maximum adenovirus CPE. Cell via¬ 
bility should be >80%. 

10. We have found the Pierce Slide-a-Lyzer dialysis cassettes ideal for buffer 
exchange. 

11. Column life is approximately 10 L of clarified lysate. We pack our own heparin 
columns using an Applied Biosystems packing device as instructed by the manu¬ 
facturer. To extend the life of the column, more vigorous cleaning regimens can 
be used. We have found that a 0-100% isopropanol gradient or 0.5 N NaOH 
treatment (20^0 mL total volume) is useful to remove bound lipids and lipopro¬ 
teins from the column. 

12. DNase digestion, proteinase K incubation, and inactivation can all be conve¬ 
niently performed in a preprogrammed PCR thermocycler. 

13. Taqman PCR primers and probe sequences are identified using proprietary PE 
Applied Biosystems software. Working concentrations of the primers and probe 
are determined empirically using a plasmid containing the transgene sequence. 

14. When calculating virus DRPs, remember that plasmid DNA is double-stranded, 
so 5 X 10^ plasmid copies correspond to 10^ genome copies of rAAV. 

15. The Taqman 7700 is a 96-well thermocycler that utilizes a laser optic system, 
which provides periodic excitation to each well of the thermocycler. The fluores¬ 
cence signal is generated by the PCR amplification process and occurs as a result 
of the 5'-3' nuclease activity of Taq polymerase. Fluorescence is achieved by the 
use of a dual-labeled (5' and 3' ends) fluorogenic oligonucleotide (referred to as 
the probe) that anneals specifically to the amplified PCR product. When the two 
fiuorochromes are in physical proximity (connected by the oligonucleotide), the 
laser-excited fluorescent signal from the 5' reporter fluorescein is quenched 
(absorbed) by the 3' fluor. During the elongation phase of the PCR cycle, Taq 
polymerase degrades the annealed oligonucleotide, resulting in the release of the 
reporter fiuorochrome into the medium and a consequent increase in reporter dye 
fluorescence. The increase in the reporter dye fluorescence is proportional to the 
number of PCR cycles. It is important to always perform replicates of 3 for each 
sample or standard. Also run three PCR reactions with no template (NTC) to 
control for reagent contamination. NTC reactions should fail to amplify, which 
results in a threshold cycle (C^) > 39. 

16. A normalized fluorescence value (ARJ is calculated by the system software and 
reflects the change in reporter fluorescence over time. AR^ is plotted as a function 
of cycle progression; the first cycle that is above background fluorescence is 
defined as the threshold cycle (C^). A plot of the input plasmid copy number 
versus the value yields a standard curve with a dynamic range of >5 orders of 
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magnitude. Routine detection of plasmid target input DNA is typically between 
10 and 10® molecules per reaction 

17. All samples should be run in duplicate; cells alone and adenovirus-infected C12 
cells should also be run concurrently with NTC samples. All negative control 
samples should yield Cf > 39. 

18. To standardize this titration method, positive sample amplification (plus aden¬ 
ovirus) was defined as possessing an average Cj value (two replicates) that 
exceeded the corresponding minus adenovirus control sample by three or more 
PCR cycles (ACx> 3). Based on numerous plasmid DNA amplification profiles, 
a 3-4 cycle differential represents an approximately 10-fold difference in start¬ 
ing template concentration. 
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1. Introduction 

The adeno-associated virus (AAV) is a nonpathogenic member of the 
Parvoviridae family (for review, see ref. i) Recently this virus has gained 
considerable interest and has been developed as a gene delivery vector (2). Six 
primate AAV serotypes (designated AAV types 1-6) have so far been identi¬ 
fied and characterized in the literature (3,4). The most extensively studied of 
these isolates is AAV type 2. The vast majority of the transduction studies 
have been carried out using recombinant vectors (rAAV) based on serotype 2. 
These studies have shown that rAAV2 has the ability to transduce a wide range 
of both dividing and nondividing cells, achieving efficient long-term gene ex¬ 
pression in vivo in a variety of tissues including retina (5), muscle (6), central 
nervous system (7), and liver (8). The range of tissues transduced by recombi¬ 
nant AAV vectors based on other serotypes is currently being investigated by 
several laboratories (9). It is hoped that rAAV vectors produced from these 
serotypes may prove to be useful for the transduction of tissues that are poorly 
infected by AAV2. 

A major problem associated with the use of rAAV has been the difficulty in 
producing large quantities of high-titer stock (10,11). This has become an 
important issue as vectors based on rAAV2 have now reached the stage at 
which they are starting to be used in human clinical trials (12). This chapter 
describes the use of the herpes simplex virus type 1 (HSV-1) amplicons that 
have been developed in our laboratory to attain high-titer stocks of rAAV2 
(13). A brief description of the background and basis of the system is given in 
the first section. 
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1.1. AAV Genome Structure and Organization 

AAV2 has a single-stranded DNA genome that is 4675 nt long (14). The 
genome is flanked by inverted terminal repeat sequences (ITRs) that are each 
145 nt. The first 125 nucleotides of this sequence are palindromic, which allows 
it to fold back into a hairpin-like structure. The ITRs are required for AAV2 
DNA replication (1) and also contain the sequences necessary to package viral 
DNA into particles (15). The genome contains two large open reading frames 
with a single polyadenylation signal. The open reading frame in the 5' half of 
the AAV genome encodes four nonstructural regulatory proteins (Rep 78, Rep 
68, Rep 57, and Rep 40), which have overlapping amino acid sequences; the 
open reading frame in the 3' half encodes three structural proteins (Vpl, Vp2, 
and Vp3) in which the amino acid sequences also overlap. The open reading 
frames are transcribed by three promoters (p5, pi9, and p40). The p5 promoter 
intiates production of a transcript that unspliced encodes Rep 78 and spliced, 
encodes Rep 68. The pl9 is also involved in the transcription of the Rep pro¬ 
teins; it initiates the production of a transcript that is either translated intact to 
produce Rep 52 or spliced to yield Rep 40. The p40 promoter is involved in the 
transcription of the genes encoding the AAV structural proteins (Vpl, Vp2, 
and Vp3). It produces two transcripts by alternative splicing that are at differ¬ 
ent levels. Vpl is translated from the minor species, and Vp2 and Vp3 are 
translated from the major species from different start codons within the same 
transcript. 

1.2. AAV Life Cycie and Conventionai Production of rAAV 

AAV2 belongs to the Dependoviriis genus of the Paroviridae family, 
so-called because it usually requires a helper virus coinfection to allow pro¬ 
ductive AAV infection to occur. The helper viruses required for this produc¬ 
tive lytic process include the adenovirus and HSV. In the absence of helper 
virus, AAV infects human cell lines and establishes latency as a provirus by 
integrating into the genome with a high preference for a specific site on human 
chromosome 19ql3.1 (16-18). If the cells containing the AAV provirus are 
subsequently infected with helper virus, the integrated AAV can be rescued 
from the chromosome and can enter the productive lytic process (19). Vectors 
that are deleted for Rep lose the potential for site-preferential integration. 

Elucidation of the molecular mechanisms involved in the life cycle of AAV 
is important for its development as a gene therapy vector, especially in terms 
of recombinant AAV production. The requirement of a helper virus for pro¬ 
ductive infection of AAV adds to the complexity of the process and has made 
it more difficult to understand the mechanisms involved. Nevertheless, several 
systems have been developed to package and produce rAAV. The conventional 
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rAAV production system relies on transient transfection of permissive cells 
and utilizes three components: 

1. A plasmid containing the rAAV vector genome. It contains two ITR sequences 
that flank the cDNA encoding the exogenous gene. The ITR sequences are the 
minimal cis elements necessary for replication and packaging of the recombinant 
gene (20). The gene is present within an expression cassette. This is essentially a 
promoter located before the beginning of the gene that will drive its transcription 
and a polyadenylation signal at the 3' end of the gene that will stabilize the mRNA 
transcripts produced. The size of this expression cassette should be between 3.5 
and 4.7 kb. 

2. A helper plasmid containing the AAV2 genome encoding the rep and cap genes. 
The four Rep proteins and three Cap proteins are expressed from this plasmid 
and provide the components in trans required for the assembly of rAAV. 

3. Wild-type adenovirus type 5, which provides other helper functions required for 
the lytic cycle. 

The two plasmids are transfected into an appropriate cell line such as 293 or 
HeLa cells (21,22), and these cells are subsequently infected with the helper 
adenovirus. This results in the production of infectious rAAV containing the 
recombinant exogenous gene as the single-stranded vector genome. The rAAV 
particles can be separated from contaminating adenoviral particles by density 
gradient centrifugation. However, the inefficiency of this process results in 
low levels of rAAV virus production, as well as residual contamination with 
adenoviral components (protein and infectious virus) that may be the cause of 
inflammatory processes observed in vivo (23). More recently, improvements 
in transfection efficiency, development of optimized packaging plasmids, and 
the production of cell lines that stably maintain rep-cap genes have simplified 
and improved recovery of recombinant virus (10,11,24). In addition, the mini¬ 
mal adenovirus components necessary for helper function are now known, and 
genes encoding these factors have been cloned into a single plasmid (25,26). 
This plasmid can be cotransfected along with the helper and ITR plasmids and 
eliminates the need to carry out the helper virus infection step in the process of 
making rAAV, thereby eliminating the chance of adenovirus contamination. 

1.3. improving the rAAV Production Systems 

Although the technical improvements outlined above have achieved some 
success in raising rAAV titers, none of these systems can achieve the levels of 
virus that can be produced during a wild-type AAV infectious lytic cycle. 

Investigations have been carried out to identify the mechanisms that may 
limit the levels of rAAV production (27). The main findings from these studies 
showed that during a wild-type infection the numbers of transcriptionally func- 
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tional templates available for expression of the Rep78/68, Rep52/40, and capsid 
gene products are amplified as the whole genome is replicated. During the 
production of rAAV, the helper plasmid containing the rep-cap genes was 
found not to replicate after transfection. Thus the lower titer of rAAV particles 
was thought to be caused by insufficient expression of the Rep and Cap viral 
proteins. 

Two types of strategies have been applied in an attempt to overcome this 
problem. The first strategy is based on the substitution of natural AAV promot¬ 
ers with alternative heterologous elements that increase the transcription levels 
of the rep and cap genes, resulting in higher levels of Rep and Cap proteins 

(24.28.29) . Increased synthesis of AAV capsid proteins has been shown to 
improve yields of rAAV (29). However, this approach has not proved satisfac¬ 
tory, as overexpression of Rep gene products has also been shown to decrease 
rAAV DNA replication and to downregulate expression of the cap genes 

(24.29) . These results indicate that the control and regulation of the rep and 
cap gene transcription processes by the endogenous promoters (p5, pi9, and 
p40), which allow coordinated production of Rep and Cap proteins, is an im¬ 
portant aspect for rAAV production. 

The second strategy is the use of replicating plasmids that contain sequences 
encoding the rep and cap genes. The basis of the system is that the plasmid, 
once transfected into the cell line, will replicate, resulting in an increase in the 
numbers of rep and cap genomic cassettes and thus overcoming the problem of 
low rep-cap gene levels. Transcription of the rep and cap genes is still under 
the control of the endogenous promoters, therefore allowing coordinated pro¬ 
duction of the Rep and Cap proteins. The system we use to achieve the replica¬ 
tion processes is the HSV-1 amplicon plasmids in conjunction with HSV-1 as 
the helper virus. In contrast to the use of helper adenovirus, replication of these 
amplicon plasmids containing the rep and cap genomic cassettes, along with 
HSV-1 as the helper virus, did not markedly inhibit the expression of the Rep 
proteins (13). These amplicons are considered in more detail below. 

1.4. HSV Amplicons 

HSV-1 has generated substantial interest as a vector to deliver genes to the 
nervous system because of its natural tropism for neuronal cells. There are two 
types of HSV-l-based vectors: 1) those produced by inserting the exogenous 
gene into a backbone virus genome, which are known as recombinant HSV 
vectors; and 2) HSV amplicon virions, which are produced by inserting the 
exogenous gene into an amplicon plasmid that is subsequently replicated and 
then packaged into virion particles (using HSV-1 as a helper virus). These 
HSV-1 amplicon virions were first described as contaminating defective 
genomes composed of multiple repetitions of a partial HSV-1 sequence orga- 
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Fig. 1. Schematic representation of the use of replicating amplicons to produce 
rAAV. (A) A helper plasmid containing the AAV2 rep and cap genes and an rAAV 
plasmid containing transgene flanked by AAV2 ITRs have been cloned into separate 
amplicon vectors. These vectors each contain an HSV-1 packaging (pac) and an origin 
or replication (oriS) signals. The two plasmids are transfected into an appropriate cell 
line. They are then infected with HSV-1 helper virus. (B) This allows replication of 
the amplicon plasmid that results in the expression of Rep and Cap proteins and the 
packaging of the transgene to produce rAAV2. (C) In addition to the rAAV2, this 
process also produces HSV-1 helper virus and HSV-1 amplicon virions, which con¬ 
tain packaged rep-cap sequence and rAAV genome (D). 
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nized in a head-to-tail fashion (concatemers). The monomers were shown to 
consistently include at least one origin of viral DNA replication (oriS) and a 
DNA cleavage/packaging sequence (pac). Cloning of these two elements in 
bacterial plasmids was shown to be sufficient to direct concatemeric packag¬ 
ing of the plasmid sequence into HSV-1 amplicon virions in the presence of 
complementing packaging functions (helper) provided by HSV-1. 

1.5. Use of HSVAmplicons to Produce rAAV 

To exploit the HSV amplicon system for the production of rAAV, the AAV 
genome containing the rep and cap genes is cloned into an amplicon plasmid. 
The DNA encoding the rAAV vector genome, i.e., exogenous gene within an 
expression cassette flanked by two ITR sequences, is also cloned into a sepa¬ 
rate amplicon plasmid. These two plasmids are transfected into an appropriate 
cell line and then subsequently infected with an HSV-1 helper virus. This 
allows the amplicons to replicate, resulting in amplification of the DNA enco¬ 
ding the rep and cap genome and the rAAV genome. The Rep and Cap proteins 
produced are then utilized to package the rAAV genome to produce the rAAV 
particles. In addition to the rAAV particles, this process also produces HSV-1 
helper virus and HSV-1 amplicon virions, which contain the packaged rep-cap 
sequence and rAAV genome. The rAAV itself has to be purified away from the 
cellular material, the HSV-1 helper virus, and the HSV amplicon virions. Fig¬ 
ure 1 shows a schematic representation of this system, which we use. 

Researchers have also shown that the HSV-1 amplicons that have packaged 
rep and cap sequences along with HSV-1 helper functions can themselves be 
used to produce rAAV. These amplicons were used to infect a cell line that had 
been transfected with a rAAV plasmid vector to produce rAAV particles (30). 
In addition, HSV-1 itself has been engineered to express the AAV2 rep and 
cap genes. This recombinant HSV-1 was shown to be sufficient in providing 
the HSV-1 helper functions and the rep-cap sequence in trans for the produc¬ 
tion of rAAV2 from a cell line that had an integrated AAV2 pro virus (31). 
Attempts have also been made to produce HSV-1 amplicon/AAV hybrid con¬ 
structs (32). These constructs were essentially amplicon vectors that contain¬ 
ing a transgene flanked by AAV2 ITRs along with the AAV2 rep genes under 
the control of their own endogenous promoters. The transgene in this amplicon 
was shown to be packaged into rAAV by using the amplicon to infect an appro¬ 
priate cell line in the presence of an AAV helper plasmid and helper virus. 

1.6. Use of DISC-HSV-1 as the Helper Virus 

Production of the HSV-1 and HSV-1 amplicons in addition to the rAAV 
may be considered a safety hazard. Although the scheme devised to purify the 
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rAAV away from the contaminating HSV-1 and HSV-1 amplicon should be 
sufficient in terms of safety for most applications, concern may still be raised 
about the presence of these contaminants, especially if the rAAV is to be used 
for clinical applications or in large animal models. For these reasons the FISV- 
1 helper virus used in our production system is DISC-FISV-1 (disabled infec¬ 
tious single-cycle virus). This is a genetically deleted herpesvirus that lacks the 
gene for essential glycoprotein FI (gFI) but can be propagated to very high titer 
as an infectious virus in cells expressing gFI in trans. In permissive 
noncomplementing cell lines (gFI^), the virus replicates effectively but is 
noninfective when released. 

2. Materials 

2. 1. Cell Culture 

1. Baby hamster kidney cells (BHK). These cells are split 1/6 every 2-3 days. They 
should not be allowed to overgrow and should be of low passage. The BHK cells 
can be obtained from European Collection of Animal Cell Cultures (ECACC, 
cat. no. 85011423). Production of rAAV2 using the BHK cells and the DISC- 
HSV-1 helper should ideally be carried out in BHK cell lines that have a deletion 
in glycoprotein H (gH“) for the reasons explained in Subheading 1.6. However, 
BHK cell lines that are not gH“ can also be used to produce rAAV2 using the 
system described here. 

2. BHK-21 media (Gibco-BRL). To a bottle containing 500 mL of BHK-21 media, 
add the following under sterile conditions to produce BIO media: 

a. 5 mL antibiotic-antimycotic (Gibco-BRL). 

b. 50 mL of fetal calf semm (FCS), heat inactivated at 56°C for 1 h. 

c. 25 mL Tryptose Phosphate Broth (Gibco-BRL). 

d. 5 mL L-glutamine (Gibco-BRL). 

3. Phosphate-buffered saline (PBS): 1.0% NaCl, 0.025% KCl, 0.14% Na 2 HP 04 , 
0.025% KH 2 PO 4 (all w/v), pH 7.2, sterile. 

4. Tissue culture dishes (150-mm diameter). 

5. 50-mL polystyrene tubes (Falcon): 17 x 100 mm. 

6 . Trypsin-EDTA solution (Gibco-BRL). 

2.2. Recombinant AAV Plasmid Vectors 

The plasmid vectors used in this system are shown in Figure 2. The ratio¬ 
nale behind the use of the helper plasmid pW7-Helper (Fig. 2b), which con¬ 
sists of the AAV2 rep and cap genes cloned into an HSV amplicon plasmid 
(pW7-Basic), has been described in Subheadings 1.3. and 1.4. The rAAV 
amplicon vector that contains the foreign gene cassette is produced in two steps. 
The first step involves placing the foreign gene cassette between two ITRs by 
subcloning it into the pTRD-Basic vector (Fig. 2c). The expression cassette 
flanked by the ITRs is then cut out by digestion with the Pad restriction 
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Fig. 2. Plasmid vectors used for the generation of rAAV using the HSV amplicon system, (a) pW7-Basic is the amplicon 
backbone plasmid containing the cA-acting sequences from HSV-1; the pac sequence in which the HSV-1 packaging sequence is 
located together with the oriS (origin of viral DNA replication). These sequences are required for amplicon genome amplication 
and packaging during copassage with helper virus, (b) The pW7-Helper plasmid contains the amplicon oriS and pac sequences 
along with the rep and cap genes. It provides the rep and cap regions of the AAV in trans for the production of rAAV. (c) the 
pTRD-Basic plasmid contains two ITRs separated by multiple cloning sites. This allows the cloning of the foreign transgene 
cassette between the ITRs. The construct subsequently produced can be digested with the restriction enzyme Pad (not to be 
confused with the packaging signal), and the transgene flanked by ITRs excised can be subcloned into the pW7-Basic amplicon 
plasmid at its Pad site. 
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enzyme and then subcloned into the amplicon plasmid vector pW7-Basic, 
which has a Pad restriction site (Fig. 2a). 

The plasmids used for transfections are prepared by purification on an ion- 
exhange resin column (e.g., Quiagen Maxi purification kit). 

2.3. Generation of Recombinant Virus 

1. Monolayer of BHK cells at approximately 80% confluency. 

2. Opti-MEM medium (Gibco-BRL). 

3. Lipofectin reagent (Gibco-BRL). 

4. Cyclized integrin targeting peptide 6 (KKKKKKKKKKKKKKKKGACRRET 
AWACG) at 0.1 mg/mL made up in Opti-MEM media. This peptide can be cus¬ 
tom ordered from most peptide manufacturers. We obtain ours from Zinsser Ana¬ 
lytic (Maidenhead, UK). 

5. DNA samples (recombinant AAV plasmid vector and helper plasmid), column- 
purified {see Notes 1-3). 

6. HSV-1 helper virus: DISC-HSV-1 {see Subheading 1.6.). 

2.5. Isoiation and Purification of Recombinant Virus 

1. TMN Buffer: 50 mMTris-HCl, pH 8.0, 5 mMMgCfi, and 0.15 MNaCl. 

2. Benzonase (Merck). 

3. 60% iodixanol solution OptiPrep (Sigma). 

4. 2 MNaCl solution. 

5. PBS MK buffer: lx PBS, 1 mM MgClj, and 2.5 mM KCl. 

6 . Phenol red (0.5% stock solution). 

7. Ultracentrifuge tube, 25 x 89 mm (Beckman). 

8 . Peristaltic pump (e.g., Pharmacia model PI). 

9. 10-mL syringe and needle (0.6 x 30 mm). 

10. 2.5 mL prepacked heparin-agarose column (Sigma). 

11. Elution buffer (PBS MK 1 MNaCl). 

12. Protein concentrators with a molecular weight cutoff of 10,000 Daltons (Amicon 
Centricon filter devices). 

13. Storage buffer: 20 mMTris-HCl, pH 8.0, 0.15 MNaCl, and 2 mMMgCfi. 

3. Methods 

3.1. Generation of Recombinant Virus 

This section describes the methods for transfecting BHK cells with the two- 
amplicon plasmid followed by infection with helper HSV to produce rAAV 
particles. The transfection efficiency is critical to the yield of rAAV obtained. 
We found that the most efficient system to use to transfect BHK cells was the 
three-component Lipofectin/integrin targeting peptide/DNA (LID) sys¬ 
tem (33). 

We routinely produce rAAV from ten 150-mm plates containing BHK cells 
during a single prep. The transfection procedure described below is for a single 
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150-mm dish containing BHK cells. This procedure has to be repeated a fur¬ 
ther 9 times so that 10 plates in total are transfected. This is important since the 
procedures described in subsequent sections on the purification of rAAV are 
based on the use of cells harvested from 10 transfected 150-mm dishes. 

3.1.1 . Transfection of DNA Using LID Reagent 

The day before transfection 

1. Plate out 4.5x lO^ofBHKcellsintoa 150-mm round tissue culture dish in a total 
volume of 20 mL. 

2. Repeat this procedure for a further nine plates. 

The following day: 

The procedures described below are for a single 150-mm plate containing 
BHK cells; they must be repeated so that 10 plates in total are transfected (see 
Note 4). 

1. We routinely transfect a total of 60 pg of DNA into a 150-mm dish (see Note 5). 
For vectors cloned into amplicons, the ratio of the two vectors is 1 (recombinant 
AAV plasmid vector):3 (rep/cap helper plasmid). Therefore, when using 

60 pg of DNA, the amounts of plasmids used are as follows: 15 pg (recombinant 
AAV plasmid vector):45 pg (helper plasmid). 

2. Place the appropriate amounts of each vector into a polystyrene tube to give a 
final total of 60 pg of DNA. Add 6 mL of Opti-MEM to this tube. 

3. Into a separate polystyrene tube place 45 pL (1 mg/mL) of Lipofectin and then 
add 6 mL of Opti-MEM to it. 

4. Add 2.4 mL (at a concentration of 0.1 mg/mL) of the integrin targeting peptide to 
the tube containing the Lipofectin and mix together by inverting the tube several 
times (see Note 6). 

5. Add the DNA to the polystyrene tube containing the Lipofectin and peptide. Mix 
by inverting the tube several times. Incubate the tube at room temperature for I h 
to allow time for the complexes to form. 

6 . Aspirate the medium from the cells and wash the monolayer twice with Opti- 
MEM medium. 

7. Add the LID mixture to the cells. 

8 . Incubate at 37°C under normal 5% CO 2 conditions for 5 h. 

9. Aspirate the media and replace with BIO media containing HSV-1 at 10-20 lU/ 
cell. 

10. Continue incubation for 32-35 h (see Note 7). 

3.2. Isolation and Purification of Recombinant Virus 

The isolation and purification of the recombinant AAV from the infected 
BHK cells can be divided into four stages: 
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Stage 1. Release of rAAV particles from within the infected BHK cells. 

Stage 2. Purification of rAAV away from the vast majority of contaminating 
cellular and viral material by use of a discontinuous iodixanol gradient. 

Stage 3. Further purification of the rAAV by heparin affinity chromatography. 
Stage 4. Concentration and dialysis of the rAAV by using protein centrifugal 
concentrators. 

3.2.1. Stage 1: Reiease of rAAV Particies from within the infected 
BHK Ceiis 

This stage of the process involves harvesting the infected cells by low-speed 
centrifugation, resuspension in the hypotonic TMN buffer, lysing the cells by 
three cycles of freeze thawing, and finally treating the cell lysate obtained with 
Benzonase to degrade the genomic DNA. 

1. Scrape the infected cells and media from the 10 plates into five 50-mL polysty¬ 
rene tubes. 

2. Collect the cells by low-speed centrifugation (250g for 10 min). 

3. Resuspend the cell pellets from the 10 plates in a total volume of 15 mL of TMN 
buffer. At this stage the cells can be stored at -70°C until needed. 

4. Carry out three cycles of freeze-thawing in dry ice/ethanol and a 37°C water 
bath. The cells should be mixed by vortexing in between the cycles. 

5. Add 50 U of Benzonase per 1 mL lysate from the 10 plates and incubate at 37°C 
for 30 min. 

6 . Clarify the lysate by centrifugation at 2700g for 20 min and retain the virus- 
containing supernatant. 

3.2.2. Stage 2: iodixanoi Density Gradient 

Use of the discontinuous iodixanol gradient as an alternative to the CsCl 
gradient centrifugation has considerably shortened the centrifugation period 
and in our hands has led to increases in the final titer of purified rAAV. This 
section describes in detail the procedures we use to make the discontinuous 
iodixanol gradient and load the clarified lysates onto it. It has mainly been 
based on the work of Zolotukhin and colleagues (34). 

1. In polystyrene tubes make up the following iodixanol solutions by adding the 
appropriate volumes of solutions, indicated in Table 1: 

20 mL of 15% iodixanol 
24 mL of 25% iodixanol 
15 mL of 40% iodxianol 
10 mL of 60% iodixanol 

2. Pipet all the cleared lysate (approximately 15 mL) into the bottom of a 25 x 89- 
mm ultracentrifuge tube. Avoid creating air bubbles. 

3. Connect the inlet tube from the peristaltic pump to the 15% iodixanol solution 
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Table 1 

Volumes Required to Make Up Solutions for Discontinuous 
lodixanol Gradient 




lodixanol (mL) 


15% 

25% 

40% 

60% 

60% lodixanol stock 

5 

10 

10 

10 

lOx PBSMK 

2 

2.4 

1.5 

— 

2MNaCl 

10 

— 

— 

— 

Phenol red (0.5 % stock ) 

— 

525 pL 

— 

30 pL 

ddHjO 

3 

11.1 

3.5 

— 

Final volume 

20 

24 

15 

10 


and pump a small volume of the 15% lodixanol into the tubes to ensure that the 
dead volume contains this solution. 

4. Place the outlet tube from pump into the lysate and allow 9 mL of this solution to 
enter the centrifuge tube slowly {see Note 8). 

5. Remove the inlet tube from the 15% lodixanol solution and place it into the 25% 
solution. Place the outlet tube into the bottom of the centrifuge tube and allow 6 
mL of this solution to enter the centrifuge tube. 

6 . Repeat this procedure first with the 40% lodixanol solution, allowing 5 mL to 
enter the centrifuge tube, and then with the 60% solution, allowing enough solu¬ 
tion to enter so that the tube is filled to the top (5-6 mL). A discontinuous gradi¬ 
ent is formed {see Fig. 3a and Note 9). 

8 . Seal the tube and place in a ultracentrifuge for 1 h, spinning at 250,000g (without 
brake) at 18°C. 

9. Carefully remove the tube from the centrifuge and place in a clamp stand. The 
rAAV is located in the 40% lodixanol solution. This 40% band is located between 
the 60% solution and the 25% solution boundaries, which are marked by the 
phenol red (Fig. 3b). Insert a needle (0.6 x 30 mm) at the top of the tube to allow 
air to enter the tube. Using a 10-mL syringe with a needle, carefully insert the 
needle at the boundary between the 60% lodixanol solution and the 40% solu¬ 
tion. Carefully draw out 5 mL of the 40% solution. 

10. Add 6 mL of PBS-MK to this eluted 40% lodixanol solution. Put this solution 
through a 0.1-|am filter (25-mm diameter). This will remove any contaminating 
particles larger than 0.1 pm such as HSV-1 helper. 

3.2.3. Stage 3: Further Purification of rAAV Particies 
Using a Heparin Coiumn 

1. Remove the existing column buffer from a 2.5-mL prepacked heparin-agarose 
column by spinning the column in a 50-mL polystyrene tube at 15g for 5 min. 

2. Equilibrate the column by adding 5 mL of lx PBS-MK and then spinning at 15g^ 
for 5 min. Repeat this procedure 3 more times so that a total volume of 20 mL of 
PBS-MK has passed through the column. 
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Fig. 3. (a) lodixanol step gradient for the purification of rAAv. The volumes given 
above are for the 25 ¥ 89-mm ultracentrifuge tubes. The lysate is first pipeted into the 
bottom of the tube. Nine milliliters of the 15% iodixanol is then pumped into the bot¬ 
tom of the tube. This is followed by pumping 6 mL of the 25% iodixanol, then the 40% 
iodixanol, and finally 5-6 mL of 60% iodixanol solution to top up the tube. The tube is 
then sealed and subjected to centrifugation at 58,200 rpm (250,000 g) for 1 h at 18°C. 
(b) After the 1 h spin, the rAAV is ready to be retrieved from the 40% iodixanol 
solution. The red or yellow tinge in the 60% and the 25% steps is caused by the phenol 
red and will help locate the 40% step. The virus is collected by first puncturing a top 
region of the tube with a needle and then puncturing just below the 40% step with a 
needle and drawing out approximately 5 mL from this region using a syringe. 


3. Add 10 mL of the filtered virus solution to the column, and allowing it to enter by 
gravity flow. 

4. Wash the column by allowing 10 mL of PBS-MK to flow through the column. 

5. Elute the virus by adding 6 mL of PBS-MK/1 MNaCl solution. The first 2 mL of 
the elution can be discarded (dead volume). 

3.2.4. Stage 4: Concentration and Diaiysis of the rAAV by Using 
Protein Centrifugai Concentrators 

The final stage of the process is to concentrate the virus and exchange the 
solution the virus is in for a more physiologic one (storage buffer). To do this, 
we simply spin the virus in a centrifugal filter device with a molecular weight 
cutoff of 10,000 Daltons and then resuspend the virus in 2 mL of storage buffer. 
The virus is then spun again in the filter device, which is adequate to remove 
the vast majority of the elution buffer. 


1. Place the eluted virus in 2 Centricon filter devices (2 mL each). Spin at 5000g for 
50 min at 4°C. 
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2. Discard the elution and add 2 mL of storage buffer to each centricon device. Spin 
again at 5000g for 50 min. 

3. Pool the concentrated virus (approximately 150 pL) and store at -70°C. 

4. Notes 

1. The AAV terminal repeats may be unstable in plasmids propagated in several 
commonly used laboratory strains of E. coli. Host strains carrying recA, as well as 
recJ and recB mutations, such as SURE strain cells (Stratagene), are recom¬ 
mended. 

2. To ensure that the ITRs in the plasmid that are used for transfections are func¬ 
tional and not deleted, we routinely check the DNA by digesting the plasmid with 
the restriction enzyme Sma\. The Sma\ sites are located within the ITRs; therefore 
digestion with the Sma\ enzyme will cut out the foreign gene expression cassette, 
indicating that the ITRs are likely to be functional. 

3. Use only high-quality DNA for transfections. Either CsCl-banded DNA or DNA 
prepared using high-grade commercial kits is adequate. 

4. The amounts of peptide and Lipofectin used here have been optimized for BHK 
cells; they may need changing if different cell lines are used. 

5. The 1:3 ratios of the two plasmid vectors have been determined systematically in 
our laboratory. This AAV production system can also be utilized to produce virus 
from recombinant AAV DNA that is not cloned into an amplicon backbone (albeit 
with lower titers). We have found that when using such a plasmid the best titers 
are obtained by using a ratio of 1 (recombinant AAV plasmid vector):! (helper 
plasmid). 

6 . The order in which the LID components are made up are critical for the efficiency 
of transfection achieved. It is therefore important to mix the peptide and lipid first 
and then add this mixture to the DNA. 

7. During this incubation period the cells are monitored as they undergo the cytopathic 
process (24-36 h). The cells are harvested just as they start lifting from the plate. 

8 . The volume that has been pumped into the centrifuge tube can be monitored sim¬ 
ply by determining the flow rate of the pump and then allowing the appropriate 
volume to enter the tube within a timed period. 

9. When making up the discontinuous gradient, ensure that the outlet tube from the 
pump is always at the bottom of the ultracentrifuge tube while the solution is 
entering the tube. 

References 

1. Berns, K. I. (1995) Parvoviridae: the viruses and their replication, in Fundamen¬ 
tal Virology, 3rd ed. (Fields, B. N., Knipe, D. M., and Howley, P. M., eds.), 
Lippincott-Raven, Philadelphia. 

2. Kotin, R. M. (1994) Prospects for the use of adeno-associated virus as a vector for 
human gene therapy. Hum. Gene Ther. 5, 793-801. 

3. Bantel-Schaal, U. and zur Hausen, H. (1984) Characterization of the DNA of a 
defective human parvovirus isolated from a genital site. Virology 134, 52-63. 


High-Titer Stocks of Adeno-Associated Virus 


459 


4. Blacklow, N. R., Hoggan, M. D., Kapikian, A. Z., Austin, J. B., and Rowe, W. P. 
(1968) Epidemiology of adenovirus-associated virus infection in a nursery popu¬ 
lation. Am. J. Epidemiol. 88, 368-378. 

5. Ali, R. R., Reichel, M. B., Thrasher, A. J., et al. (1996) Gene transfer into the 
mouse retina mediated by an adeno-associated viral vector. Hum. Mol. Genet. 5, 
591-594. 

6 . Kessler, P. D., Podsakoff, G. M., Chen, X., et al. (1996) Gene delivery to skeletal 
muscle results in sustained expression and systemic delivery of a therapeutic pro¬ 
tein. Proc. Natl. Acad. Sci. USA 93, 14082-14087. 

7. McCown, T. J., Xiao, X., Li, J., Breese, G. R., and Samulski, R. J. (1996) Differ¬ 
ential and persistent expression patterns of CNS gene transfer by an adeno-associ¬ 
ated virus (AAV) vector. Brain Res. 713, 99-107. 

8 . Koeberl, D. D., Alexander, 1. E., Halbert, C. L., Russell, D. W., and Miller, A. D. 
(1997) Persistent expression of human clotting factor IX from mouse liver after 
intravenous injection of adeno-associated virus vectors. Proc. Natl. Acad. Sci. 
USA 94, 1426-1431. 

9. Rutledge, E. A., Halbert, C. L., and Russell, D. W. (1998) Infectious clones and 
vectors derived from adeno-associated virus (AAV) serotypes other than AAV 
type 2. J. Virol. 72, 309-319. 

10. Clark, K. R., Voulgaropoulou, F., Fraley, D. M., and Johnson, P. R. (1995) Cell 
lines for the production of recombinant adeno-associated virus. Hum. Gene Ther. 
6 , 1329-41. 

11. Clark, K. R., Voulgaropoulou, F., and Johnson, P. R. (1996) A stable cell line 
carrying adenovirus-inducible rep and cap genes allows for infectivity titration of 
adeno-associated virus vectors. Gene Ther. 3, 1124-1132. 

12. Kay, M. A., Manno, C. S., Ragni, M. V., et al. (2000) Evidence for gene transfer 
and expression of factor IX in haemophilia B patients treated with an AAV vec¬ 
tor. Nat. Genet. 24, 257-261. 

13. Zhang, X., De Alwis, M., Hart, S. L., et al. (1999) High-titer recombinant adeno- 
associated virus production from replicating amplicons and herpes vectors de¬ 
leted for glycoprotein H. Hum. Gene Ther. 10, 2521-2531. 

14. Srivastava, A., Lusby, E. W., and Bems, K. I. (1983) Nucleotide sequence and 
organization of the adeno-associated virus 2 genome. J. Virol. 45, 555-564. 

15. McLaughlin, S. K., Collis, P., Hermonat, P. L., and Muzyczka, N. (1988) Adeno- 
associated virus general transduction vectors: analysis of proviral structures. J. 
Virol. 62, 1963-1973. 

16. Kotin, R. M., Linden, R. M., and Bems, K. 1. (1992) Characterization of a pre¬ 
ferred site on human chromosome 19q for integration of adeno-associated vims 
DNA by non-homologous recombination. EMBO J. 11, 5071-5078. 

17. Kotin, R. M., Siniscalco, M., Samulski, R. J., et al. (1990) Site-specific integra¬ 
tion by adeno-associated virus. Proc. Natl. Acad Sci. USA 87, 2211-2215. 

18. Samulski, R. J., Zhu, X., Xiao, X., et al. (1992) Targeted integration of adeno- 
associated virus (AAV) into human chromosome 19 [published erratum appears 
in EMBO J. 1992; 11, 122^]. EMBO J. 1991; 10, 3941-3950. 


460 Mistry et at. 

19. Berns, K. I. and Linden, R. M. (1995) The cryptic life style of adeno-associated 
virus. Bioessays 17 , 237-245. 

20. Xiao, X., Xiao, W., Li, J., and Samulski, R. J. (1997) A novel 165-base-pair ter¬ 
minal repeat sequence is the sole cis requirement for the adeno-associated virus 
life cycle. J. Virol. 71 , 941-948. 

21. Hermonat, P. L. and Muzyczka, N. (1984) Use of adeno-associated virus as a 
mammalian DNA cloning vector: transduction of neomycin resistance into mam¬ 
malian tissue culture cells. Proc. Natl. Acad. Sci. USA 81 , 6466-6470. 

22. Samulski, R. J., Chang, L. S., and Shenk, T. (1987) A recombinant plasmid from 
which an infectious adeno-associated virus genome can be excised in vitro and its 
use to study viral replication. J. Virol. 61 , 3096-3101. 

23. Monahan, P. E., Samulski, R. J., Tazelaar, J., et al. (1998) Direct intramuscular 
injection with recombinant AAV vectors results in sustained expression in a dog 
model of hemophilia. Gene Ther. 5, 40^9. 

24. Li, J., Samulski, R. J., and Xiao, X. (1997) Role for highly regulated rep gene 
expression in adeno-associated virus vector production. J. Virol. 71 , 5236-5243. 

25. Xiao, X., Li, J., and Samulski, R. J. (1998) Production of high-titer recombinant 
adeno-associated virus vectors in the absence of helper adenovirus. J. Virol. 72 , 
2224-2232. 

26. Matsushita, T., Elliger, S., Elliger, C., et al. (1998) Adeno-associated virus vec¬ 
tors can be efficiently produced without helper virus. Gene Ther. 5 , 938-945. 

27. Fan, P. D. and Dong, J. Y. (1997) Replication of rep-cap genes is essential for the 
high-efficiency production of recombinant AAV. Hum. Gene Ther. 8, 87-98. 

28. Flotte, T. R., Barraza-Ortiz, X., Solow, R., et al. (1995) An improved system for 
packaging recombinant adeno-associated virus vectors capable of in vivo trans¬ 
duction. Gene Ther. 2 , 29-37. 

29. Vincent, K. A., Piraino, S. T., and Wadsworth, S. C. (1997) Analysis of recombi¬ 
nant adeno-associated virus packaging and requirements for rep and cap gene 
products./. Virol. 71 , 1897-1905. 

30. Conway, J. E., Zolotukhin, S., Muzyczka, N., Hayward, G. S., and Byrne, B. J. 
(1997) Recombinant adeno-associated virus type 2 replication and packaging is 
entirely supported by a herpes simplex virus type 1 amplicon expressing Rep and 
Cap. J. Virol. 71 , 8780-8789. 

31. Conway, J. E., Rhys, C. M., Zolotukhin, L, et al. (1999) High-titer recombinant 
adeno-associated virus production utilizing a recombinant herpes simplex virus 
type I vector expressing AAV-2 Rep and Cap. Gene Ther. 6, 986-993. 

32. Johnston, K. M., Jacoby, D., Pechan, P. A., et al. (1997) HSV/AAV hybrid 
amplicon vectors extend transgene expression in human glioma cells. Hum. Gene 
Ther. 8, 359-370. 

33. Hart, S. L., Arancibia-Carcamo, C. V., Wolfert, M. A., et al. (1998) Lipid-medi¬ 
ated enhancement of transfection by a nonviral integrin-targeting vector. Hum. 
Gene Ther. 9 , 575-85. 

34. Zolotukhin, S., Byrne, B. J., Mason, E., et al. (1999) Recombinant adeno-associ¬ 
ated virus purification using novel methods improves infectious titer and yield. 
Gene Ther. 6, 973-985. 


31 _ 

Herpes Simplex Virus/Adeno-Associated Virus 
Hybrid Vectors for Gene Transfer to Neurons 

Preparation and Use 

Lauren C. Costantini, Cornel Fraefel, Xandra O. Breakefield, 
and Ole Isacson 


1. Introduction 

Gene transfer to the central nervous system (CNS) has shown major 
advances in recent years, with the development of novel vector systems and 
progress in basic virology (1-12). To improve gene transfer to CNS neurons, 
we have combined the critical elements of herpes simplex virus-1 (HSV-I) 
amplicons and recombinant adeno-associated virus (AAV) vectors to construct 
a hybrid amplicon vector, and then packaged the vector into HSV-1 virions via 
a helper virus-free system. These HSV/AAV hybrid amplicon vectors have 
shown efficient transduction and stability of transgene expression in neurons 
(and other nondividing cell types [13]), both in culture and after intracerebral 
injection with no apparent toxicity or immune response, as well as extended 
transgene expression in dividing cells (14). Before detailing the hybrid 
amplicon vectors, a short description of the two vectors upon which the hybrid 
amplicon vectors are based is given. 

1.1. Characteristics of HSV-1 and AAV 

One of the most comprehensively studied viruses for gene transfer is HSV-1. 
The approximately 300-nm enveloped virus contains an icosahedral capsid 
encasing 152 kb of double-stranded DNA encoding over 80 genes, 38 of which 
are dispensable for virus replication in culture (15). The virion shows high 
infectivity for neurons and glia, as well as many other cell types (16), and 
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enters the cell by fusion of the envelope with the plasma membrane. The capsid 
is transported along microtubules to the nucleus, where the viral DNA circu¬ 
larizes and then replicates, enters latency, or is degraded. 

Two types of vectors are derived from HSV-1: recombinant virus vectors 
and amplicon vectors (for review, see ret. 17), the latter of which is utilized in 
the hybrid amplicon vectors. The HSV-1 amplicon plasmid bears an HSV-1 
origin of DNA replication, on',, and a DNA cleavage/packaging signal, pac. 
ori allows the amplicon to be replicated by a rolling-circle mechanism, produc¬ 
ing long concatenates of DNA that are subsequently cut into unit-length HSV- 
1 genomes at pac during packaging into capsids in the presence of HSV-1 
helper functions (18,19). Amplicon DNA is thereby packaged into HSV-1 
virion, and after infection of cells, the amplicon concatenate assumes an extra- 
chromosomal state in the infected cell nucleus. When packaged free of helper 
virus, these amplicon vectors show essentially no toxicity or antigenicity, as 
they express no virus genes. Since the combined size of on, and pac is <1 kb, 
amplicon plasmids can accommodate at least 22 kb of foreign DNA (and theo¬ 
retically up to 150 kb using high-capacity cloning plasmids) (20,21)', with cur¬ 
rent packaging methods, they can be grown to high titers (10* transduction 
units (TU)/mL). 

The nonpathogenic AAV has a smaller capsid (diameter 20-24 nm) and con¬ 
tains a single-stranded approx 4.7-kb DNA genome. Vectors based on AAV 
typically contain the AAV inverted terminal repeats (ITRs) needed for signal¬ 
ing extrachromosomal replication and integration of transgenes at multiple sites 
in the host cell genome (22-25). AAV-based vectors have a 4.5-kb transgene 
capacity (26). In wild-type AAV infections, the rep gene encodes a set of pro¬ 
teins that mediate the amplification of the ITR-flanked genome and facilitates 
site-specific integration into the human genome on chromosome 19ql3.3 (27- 
29). Integration of transgenes delivered by AAV vectors appears to be random, 
unless Rep proteins 78 and/or 68 are present, in which case it is site-specific 
into human chromosome 19ql3.3 (25,27-31). Long-term expression of 
transgenes from AAV-based vectors can be facilitated both by integration and 
by maintenance as an episomal element within the host cell nucleus (25,32,33). 

1.2. HSV/AAV Hybrid Amplicon Vectors 

By combining key elements from HSV-1 and AAV vectors, we have pro¬ 
duced HSV/AAV hybrid amplicon vectors (Fig. 1) (14) with the high infection 
efficiency of both dividing and nondividing cells, retrograde transport along 
neurites to the cell nucleus (34,35), and the large transgene capacity of HSV-1, 
as well as the stable gene transduction and potential integration capacity of 
AAV. Using the HSV-1 amplicon backbone, which contains signals for propa¬ 
gation in bacteria, and HSV-1 on, and pac, the transgene is inserted, flanked 
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Helper-free HSV/AAV hybrid amplicon vector 

Fig. 1. Helper virus-free packaging procedure. Amplicon plasmid DNA is 
cotransfected into permissive cells in culture with an overlapping set of cosmids that 
span the HSV-1 genome and provide HSV structural signals but are mutated in pac 
sequences (19). Amplicon DNA is packaged into viral particles, and vectors with no 
contaminating helper virus are released. 


by AAV ITR sequences. Hybrid amplicon vectors have been produced both 
with and without the AAV rep gene (inserted outside the ITR-flanked transgene 
cassette) to determine its role in mediating sustained transgene expression 
(14,36). These vectors have been constructed with over 20 kb of transgene 
sequences (37,38), and grown to high titers (10® TU/mL). 

Packaging of these hybrid vectors is carried out via a helper virus-free sys¬ 
tem (19). In one modality, overlapping sets of cosmids that contain the entire 
HSV-1 genome deleted for pac and transfected into permissive cells undergo 
homologous recombination to form circular replication-competent virus 
genomes, which then produce proteins needed for viral DNA replication and 
virion packaging. The reconstituted virus genomes cannot themselves be pack- 
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aged because of deletion of their own pac signals, yet they still provide helper 
functions required for the packaging of cotransfected amplicon DNA. The 
resulting amplicon vector is structurally a herpes virion, in a preparation with 
essentially no contaminating helper virus. Alternatively to the pac-minus 
cosmid set, a bacterial artificial chromosome (BAC or F-plasmid) containing 
the entire HSV-1 genome with pac signals and essential genes deleted, can be 
used as the packaging-defective HSV-1 helper DNA (39—41). 

1.3. Neuronal Gene Transfer via HSV/AAVHybrid 
Amplicon Vectors 

The HSV/AAV hybrid amplicon vectors have unique capabilities for trans¬ 
fection of neural cells. First, they are highly efficient at gene delivery to neu¬ 
rons, astrocytes, and endothelial cells, thus reducing the number of virions that 
must be injected. Second, their large transgene capacity allows incorporation 
of substantial ciT-acting regulatory sequences, which are believed to be neces¬ 
sary for targeted, regulated, and sustained transgene expression. Third, they 
can be delivered to the brain parenchyma via the cerebrospinal fluid (CSF), 
across the blood-brain barrier, or by direct injection (36,42). Their ability to 
move within neurons by rapid retrograde transport allows access to cell bodies 
far removed from the point of virion entry. Limitations to delivery in the CNS 
by these (and many other) vectors include low titers, which can increase the 
volume injected (that in itself can cause damage); poor diffusibility through 
the extracellular space; and some toxicity of the virion itself at high ratios of 
virions per cell. 

The efficacy, stability, and cytopathic effects of HSV/AAV hybrid amplicon 
vectors for gene delivery to CNS neurons have been analyzed, both in culture 
and in the rat brain. Transduction efficiency in primary neuronal cultures from 
fetal rat ventral mesencephalon by HSV-derived amplicon vectors was signifi¬ 
cantly higher than for AAV and adenovirus (Ad) vectors at the same multiplic¬ 
ity of infection (MOI) (Fig. 2) (36). Furthermore, hybrid vectors mediated 
longer expression of the transgene in neurons, compared with AAV and Ad 
vectors. One month after injection of hybrid amplicon vectors into rat striatum, 
transduction efficiency was similar to and in many cases higher than that of 
standard HSV-1 amplicon vectors. Transgene-expressing neurons were 
observed in the striatum (over 8100 striatal cells at 30 days post infection; Fig. 
3), with 70% of transduced cells being neurons using the hybrid amplicon vec¬ 
tor, compared with 50% using the standard HSV-1 amplicon vector, suggest¬ 
ing extended transgene expression with the former. Transgene expression was 
also observed within the substantia nigra (over 500 nigrostriatal neurons) 
through retrograde transport ipsilateral to the injection (Fig. 3). It is notewor¬ 
thy that there was no evidence of an immune response (analyzed via specific 
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Fig. 2. Gene transfer to primary neurons with HSV/AAV hybrid amplicon vectors. 
Primary VM neurons expressing transgene (GFP immunostaining) 2 days after infec¬ 
tion with HyRG. 


immune-response markers for T-cells and microglia) or any inflammation 
caused by these vectors (36). 

Thus these hybrid vectors retain the retrograde transport, ability to infect 
both dividing and nondividing cells, and large transgene capacity of HSV-1, as 
well as the safety and long-term transgene expression of AAV. 

2. Materials 

2.1. HSV/AAV Hybrid Amplicon Components 

1. Standard HSV-1 amplicon plasmid such as pHSVPrPUC (Howard_Federoff@ 
URMC.rochester.edu) orpHSVlac (43) (Geller a@al.tch.harvard.edu . Breakefield@ 
helix.mgh.harvard.edu) 

2. Cloned AAV genome, e.g., pAV2 (44) as source of rep genes and ITRs. The 
AAV sequence is in the database (GenBank Acc. no. NC 001401) (see Note 1). 

3. Plasmid containing a transgene cassette, e.g., cytomegalovirus-green fluorescent 
protein (CMV-GFP) from pEGFPN3 (Clontech). 

4. Material and equipment for cloning in E. coli (restriction enzymes and ligase, 
polymerase chain reaction [PCR], competent E. coli [DHIOB, Gibco or SURE, 
Stratagene; Maniatis protocols]). 
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Fig. 3. Gene transfer to neurons in vivo with HSV/AAV hybrid amplicon vectors. 
(A) Striatal cells expressing transgene (GFP immunostaining) 1 month after 
intrastriatal injection of HyRG. (B) Fluorescence immunostaining for GFP transgene 
illustrating neuronal morphology of transduced striatal cells 1 month after intrastriatal 
injection of HyRG. (C) Neurons within the substantia nigra expressing transgene (GFP 
immunostaining) 1 month after intrastriatal injection of HyRG. Note the large soma 
and morphology typical of nigrostriatal dopamine neurons. 
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2.2. Packaging of HSV/AAV Hybrid Ampiicon Vector 

2.2.1. HSV-1 Cosmid DMA for Transfection 

1. E. coli clones of HSV-1 cosmid set C6Aa48Aa, which includes cos6Aa, cosl4, 
cos28, cos48Aa, and cos56. Cosmid clones are stored at -80°C in SOB medium 
supplemented with 1% dimethyl sulfoxide (DMSO). 

2. SOB medium containing 50 [ig/mL ampicillin; SOB™P/liter—20 g tryptone, 5 g 
yeast extract, 0.5 g NaCl, HjO to 950 mL, and 10 mL 250 mM KCl solution. 
Adjust the pH to 7.0 with 5 N NaOH and autoclave. Just before use, add 5 mL 
sterile 2 M MgCl 2 and 1 mL of 50 mg/mL ampicillin. 

3. Qiagen-tip 500 Plasmid Purification Kit, which includes columns and buffers PI, 
P2, P3, QBT, QC, and QF (Qiagen). 

4. Isopropanol. 

5. 70% (v/v) ethanol. 

6. TE buffer, pH 7.5: 10 mM Tris-HCl, pH 7.5, 1 mM EDTA. Store at room tem¬ 
perature (RT). 

7. Restriction endonucleases Oral, Kpnl, and Pact. 

8. High molecular weight DNA standard (Gibco, cat. no. 15618-010). 

9. 1-kb DNA ladder (Gibco, cat. no. 15615-016). 

10. Electrophoresis-grade agarose. 

11. TAE electrophoresis buffer: 40 mM Tris-acetate, 2 mM NajEDTA, pH 7.5. Store 
atRT. 

12. Ethidium bromide solution (1 mg/mL in HjO). 

13. 25:24:1 (v/v) phenol/chloroform/isoamyl alcohol. 

14. 24:1 (v/v) chloroform/isoamyl alcohol. 

15. 100% ethanol. 

16. 3 M sodium acetate, pH 5.5. 

17. Falcon 2059 tubes (14 mL, polypropylene). 

18. L8-mL cryogenic vials. 

19. 250-mL polypropylene tubes (Herolab, Wiesloch, Germany), 30-mL centrifuge 
tubes (polypropylene, Herolab, Wiesloch, Germany), Eppendorf tubes. 

2.2.2. Helper Virus-Free Ampiicon Stocks 

Alhough any cell line that supports HSV-1 replication (including VERO, 
BHK21, or 293 cells) can be utilized for the packaging procedure, this protocol 
has been optimized for 2-2 cells, a derivative of VERO cells that expresses the 
HSV-1 immediate-early (IE) 2 gene ICP27 (45) (see Notes 2 and 3). 

1. 2-2 cells (rmsandri@uci.edu). 

2. Dulbecco’s modified Eagle’s medium (DMEM; Gibco). 

3. Fetal bovine serum (FBS). 

4. G418 (Geneticin; Gibco). 

5. 0.25% trypsin/0.02% EDTA (Gibco). 
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6 . Opti-MEM I (Gibco). 

7. Pad-digested cosmid DNA of set C6Aa48Aa (see Subheading 2.2.1.). 

8 . HSV/AAV hybrid amplicon DNA (maxiprep [Qiagen Column] isolated from 
E. coli). 

9. LipofectAMINE (Gibco). 

10. 10, 30, and 60% sucrose solutions (w/v in phosphate-buffered saline [PBS]), 

11. PBS; 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HP 04 , 1.4 mM KH 2 PO 4 . Filter 
sterilize and store at RT or 4°C. 

12. 75-cm^ tissue culture flasks. 

13. 60-mm-diameter tissue culture dishes. 

14. 15-mL conical tubes (polypropylene; Greiner). 

15. 0.45-pm syringe filters (Sarstedt polyethersulfone membrane filters, cat, no, 
83,1826), 

16. 20-mL disposable syringes. 

17. 30-mL centrifuge tubes (Beckman Ultra-Clear 25 X 89 mm and 14 X 95 mm). 

2.2.3. Titration of Ampiicon Stocks 

Quantification of infectious vector particles in an amplicon stock is deter¬ 
mined before and after purification/concentration. Twenty-four to 48 h after 

infection, the cells expressing the transgene are counted microscopically to 

calculate the titer (TU/mL vector stock). 

1. VERO (clone 76; ECACC, cat. no. 85020205), BHK (clone 21; ECACC, cat. no. 
85011433), or 293 (ATCC, cat. no. 1573). 

2. DMEM supplemented with 10% or 2% FBS (no antibiotics). 

3. 4% (w/v) paraformaldehyde solution, pH 7,0. Under a hood, add 20 g paraform¬ 
aldehyde to 300 mL H 2 O and heat to 60°C with constant stirring. Dropwise, add 
2 N NaOH until the solution becomes clear. Allow it to cool down and check the 
pH. (If necessary, add more NaOH to bring the pH to 1.0-1.5.) Add 100 mL of 
0.5 M sodium phosphate buffer (pH 7.0) and then H 2 O to a final volume of 500 
mL. Filter the solution through a 0.45-pm bottle top filter (ZAPCAP S, cat. no. 
10443401, Schleicher & Schuell, Dassel, Germany) and store at 4°C. 

Caution; Paraformaldehyde is a carcinogen and toxic. 

4. X-gal staining solution; 20 mM K 3 Fe(CN) 5 , 20 mM K 4 Fe(CN) 5 , 2 mM MgCl 2 , in 
PBS, pH 7.5. Filter-sterilize and store at 4°C. Before use, equilibrate to 37“C and 
per mL add 20 pL of a 50 mg/mL solution of 5-bromo-4-chloro-3-indolyl-D- 
galactopyranoside. Store X-gal solution in DMSO in 1-mL aliquots at -20°C. 

5. Goat serum Triton (GST) solution; 2% (v/v) goat serum, 0,2% (v/v) Triton 
X-100, in PBS, Store at 4°C. 

6 . Primary antibodies to marker proteins and fluorescent secondary antibodies to 
primary antibody. 

7. 24-well tissue culture plates. 
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2.2.4. Gene Transfer in Culture 

1. Primary neuronal culture suspension diluted in DMEM (Gibco) containing heat- 
inactivated (in 56°C water bath for 30 min) horse serum (10%), glucose (6.0 mg/ 
mL), penicillin (10,000 U/mL), streptomycin (10 mg/mL; Sigma), and glutamine 
(2 mM; Gibco). 

2. Glass cover slips (Bellco, cat. no. 1943-10012). 

3. Poly-L-lysine (PLL, Sigma, cat. no. P6282); Suspend 5 mg lyophilized PLL in 50 
mL sterile water to a give concentration of 100 pg/mL. This 2x solution can be 
frozen at -20°C for storage. The appropriate amount of PLL can be diluted 1:1 
with 0.2 M sodium borate buffer. For 250 mL: 3.09 g boric acid, 25 mL 1 M 
NaOH, 125 mL double-distilled water; pH 8.2. Then make to 250 mL with 
double-distilled water. 

4. 24-well tissue culture trays (Falcon, cat. no. 353047). 

5. Defined medium: DMEM as described in step 1 above, with N2 cocktail (Gibco, 
cat. no. 17502-030) replacing the horse serum (1 mL N2/100 mL medium). 

6. 4% paraformaldehyde (see Subheading 2.2.3., item 3)/4% sucrose in PBS (see 

Subheading 2.2.2., item 11). 

2.2.5. Gene Transfer In Vivo 

1. Stereotaxic frame (Kopf 900). 

2. Anesthesia/preanesthesia 1:1 mixture of acepromazine and atropine; 10 min later, 
2; 1 mixture of ketamine and xylazine. 

3. Hand drill and sterile drill bits. 

4. 2 pL Hamilton syringe and beveled needle (0160826, 1-inch PT2). 

5. Sterile 70% ethanol and 0.9% saline. 

6. Sterile surgical supplies and instruments including scalpel with blade, sutures, 
scissors, and gauze. 

7. Purified vector stocks of hybrid amplicon vector can be kept on ice for approxi¬ 
mately 3 h. 

8. 4% paraformaldehyde. 

9. 20% sucrose. 

3. Methods 

3.1. HSV/AAV Hybrid Amplicon Vector Construction 

1. Construct hybrid vector plasmids using standard cloning procedures in E. coU. 

2. Use a standard amplicon plasmid such as pHSVPrPUC or pHSVlac as the back¬ 
bone to insert 1) the ITR-transgene-ITR cassette and, if desired, 2) the AAV rep 
genes. 

3. Use appropriate restriction enzymes to insert the transgene cassette between the 
AAV ITRs in pAV2 (e.g., DraWl and SnaBl digest removes rep and cap genes 
but leaves ITRs behind). From the resulting clone, isolate the ITR-transgene-ITR 
cassette by restriction digest (in pAV2, the AAV genome is flanked by Bglll 
sites) and insert into a unique restriction site in the standard amplicon plasmid; 
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use linkers if necessary or perform blunt-end ligations. Insert AAV rep genes 
into a unique restriction site outside the ITR transgene cassette for the rep-hybrid 
amplicon. 

3.2. Packaging of HSV/AAVHybrid Ampiicon Vector 

3.2.1. Preparation of HSV Cosmid DNA for Transfection 

The quality of DNA is the most important factor to achieve higher transfec¬ 
tion efficiency and titers of packaged amplicon stocks. Because the cosmids of 
set C6Aa48Aa contain high-copy colEl plasmid origins of DNA replication, 
special care must be taken to prevent random mutations during amplification 
of these clones. Cosmid DNA is extracted and purified from large bacterial 
cultures using a modified Qiagen-tip 500 protocol. To characterize the purified 
cosmid DNA preparations, they are digested with restriction enzymes (Oral, 
Kpnl) and separated by electrophoresis. HSV-1 inserts are excised via diges¬ 
tion with Pad, and the fragments are then purified by phenol extraction. 

1. For each of the five clones of HSV-1 cosmid set C6Aa48Aa, prepare a Falcon 
2059 tube containing 5 mL SOB medium supplemented with 50 pg/mL ampicil- 
lin (SOB™!”), and inoculate each with a loop used to scrape the surface of frozen 
cultures of the cosmid clones. After incubating the culture for 8 h in a shaker at 
37°C, transfer 1 mL into a 2-L flask containing 300 mL SOB^^P and incubate 
further with shaking for another 12-16 h (see Note 4). 

2. Remove several milliliters of the bacterial culture for long-term storage. Add 70 
pL DMSO to 1 mL bacterial culture in a L8-mL cryogenic vial, mix well, and 
freeze at -80°C. 

3. Extract cosmid DNA using a modified Qiagen-tip 500 protocol. Pellet the bacte¬ 
rial culture remaining from step 2 by centrifugation for 10 min at 4°C and 5000g 
using a Sorvall GSA rotor. Pour the media off and leave the tube (250-mL 
polypropylene) inverted on a paper towel for 1-2 min to drain all liquid. 

4. Resuspend the pellet in 15 mL buffer PI and add 15 mL buffer P2. Mix by invert¬ 
ing the tube 4-6 times, and incubate for 5 min at RT. 

5. Add 15 mL buffer P3 and mix immediately by inverting the tube 6 times. After 
incubation on ice for 20 min, invert the tube once more and centrifuge for 30 min 
at 4°C and 15,000g using a GSA rotor. 

6. Equilibrate a Qiagen-tip 500 column with 10 mL buffer QBT, and allow the col¬ 
umn to empty by gravity flow. Label the column with the name of the clone and 
drape a small piece of Kimwipe tissue on the column to remove cell debris. 

7. Carefully filter the supernatant from step 5 through a Kimwipe into the Qiagen- 
tip 500 column, and allow the liquid to enter the resin by gravity flow. 

8. Wash the column 2 times with 30 mL buffer QC, and then elute DNA with 15 mL 
prewarmed (65°C) buffer QF into a 30-mL centrifuge tube. 

9. Precipitate the DNA with 10.5 mL (0.7 vol) isopropanol, and immediately centri¬ 
fuge for 30 min at 4“C and 16,000g using a Sorvall SS34 rotor. 

10. Very carefully remove the supernatant from step 9 and mark the location of the 
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Fig. 4. Restriction fragment pattern of cosmids. Lane 1, 1 Kb ladder; lane 2, high- 
molecular-weight marker; lanes 3-7, Oral digest of cos6Aa, cos 14, cos28, cos48Aa, 
and cos56; lanes 8 and 9, markers; lanes 10—14, Kpnl digest of the cosmids. 


pellet. Rinse surface of pellet with chilled 70% ethanol and, if necessary, repellet 
as in step 9. 

11. Aspirate supernatant completely (but avoid drying), resuspend the pellet in 200 
pL TE buffer (pH 7.5), transfer the DNA solution into a microcentrifuge tube, 
and store at 4°C {see Note 5). 

12. Determine the absorbance of the DNA solution from step 11 at 260 nm (Aj^o) 
and 280 nm {A 2 S 0 ) using a UV spectrophotometer. A value of 1.0 for A 260 is 
equivalent to 50 pg/mL of double-stranded DNA. Also, pure DNA preparations 
have an A 260 /A 280 value of at least 1.8. 

13. In two parallel reactions, digest 2 pg of the cosmid DNA from step 11 with 10 U 
of Oral and Kpnl for 2 h at 37°C. Separate the fragments overnight by electro¬ 
phoresis on a 0.4% agarose gel at 40 V in TAE electrophoresis buffer. Compare 
the restriction fragment patterns with those shown in Figure 4 (see Note 6). 

14. After characterization of the DNA (steps 12 and 13), store aliquots of 10-50 pg 
at-20°C. 

15. Pool 10 pg of each of the five cosmids into a microcentrifuge tube and digest for 
3 h at 37°C with 50 U of Pad in a total volume of 100 pL. Electrophorese an 
aliquot (1—2 pL) of the reaction mixture on a 0.4% agarose gel to confirm comple¬ 
tion of the digest (see Figure 4 and Note 7). 

16. Extract DNA in the reaction mixture of step 15 first with 100 pL (1 vol) phenol/ 
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chloroform/isoamyl alcohol (25:24:1; v/v), and then with 100 |aL (1 vol) chloro¬ 
form/isoamyl alcohol (24:1; v/v). Finally, precipitate DNA overnight at -20°C 
with 250 pL (2.5 vol) 100% ethanol and 10 pL (0.1 vol) 3 M sodium acetate (pH 
5.5). The DNA precipitate should be clearly visible at this point. Do not vortex— 
gently tap the tubes to avoid damaging large DNA fragments {see Note 8). 

17. Spin tubes for 10 min at 16,000g. Carefully remove the supernatant, and rinse the 
pellet surface once with 70% ethanol. Allow the pellet to dry and resuspend (with 
minimal pipeting) in 100 pL TE buffer (pH 7.5). 

18. Measure DNA concentration as described in step 12, and store aliquots of 10 pg 
at -20°C until transfection. 

3.2.2. Preparation of Helper Virus-Free Amplicon Stocks 

1. Maintain 2-2 cells at 37°C in humidified 5% CO 2 in DMEM supplemented with 
10% FBS and 500 pg/mL G418. Split the cells twice a week approx 1:5 in fresh 
medium (20 mL) into a new 75-cm^ tissue culture flask. 

2. On the day before transfection, trypsinize the culture for 10 min, count cells using 
a hemocytometer, and plate at 1.2 X 10^ cells per 60-mm-diameter tissue culture 
dish in 3 mL DMEM containing 10% FBS. 

3. Per 60-mm-diameter tissue culture dish (maximum of 6) to be transfected, add 
100 pL Opti-MEM I into two 15-mL conical tubes. To one tube, add 0.6 pg 
amplicon DNA and either a) 2 pg of the Pad-digested cosmid DNA mixture (0.4 
pg of each of the five clones) or b) 2 pg fHSVApac DNA; to the other tube, add 
12 pL LipofectAMINE. 

4. Combine the two tubes from step 3. Mix well (without vortexing), and incubate 
for 45 min at RT (Fig. 1). 

5. Wash the cultures prepared the day before (step 2; cells should be confluent at 
the time of transfection) once with 2 mL Optimem I. Eor each dish to be trans¬ 
fected, add 1.1 mL Opti-MEM I into the tube from step 4 containing the DNA- 
LipofectAMINE mixture (1.3 mL total vol/dish). Remove all medium from the 
culture, add the DNA-LipofectAMINE mixture, and incubate the cells for 5.5 h 
at 37°C in a humidified, 5% CO 2 incubator. 

6. Aspirate the transfection mixture, and wash the cells 3 times with 2 mL Opti- 
MEM 1. After aspirating the last wash, add 3.5 mL DMEM supplemented with 
6% FBS, and incubate cells for 2-3 days at 34°C in a humidified, 5% CO 2 incu¬ 
bator (see Note 9). 

7. Scrape transfected cells from step 6 into the medium using a rubber policeman. 
Transfer the suspension into a 15-mL conical tube and freeze-thaw 3 times using 
a dry ice-ethanol bath and a 37°C waterbath. 

8. Place the tube containing the cells into a beaker with ice water. Submerge the tip 
of the sonicator probe approx 0.5 cm into the cell suspension, and sonicate for 20 
s with 20% output energy (see Note 10). 

9. Centrifuge for 10 min at 4°C and 1400g to remove cell debris, and filter the 
supernatant through a 0.45-pm syringe filter attached to a 20-mL disposable 
syringe into a new 15-mL conical tube. After taking a sample for titration (see 
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below), freeze the remaining stock in aliquots in a dry ice-ethanol bath and store 
at -80°C, or concentrate (see steps 10 and 11), or purify and concentrate (see 

steps 12-14). 

10. To concentrate the stock further, transfer the vector solution from step 9 into a 
30-mL centrifuge tube and spin for 2 h at 4°C and 20,000g using a Sorvall SS34 
rotor. 

11. Resuspend the pellet in a small volume (e.g., 300 pL) of 10% sucrose (w/v; in 
PBS), divide into aliquots (e.g., 30 pL), freeze aliquots in a dry ice-ethanol bath, 
and store at -80°C. Before freezing, take a sample of the stock for titration (see 

Subheading 3.2.3.). 

12. To purify the stock further, prepare a sucrose gradient in a Beckman Ultra-Clear 
25 X 89-mm centrifuge tube by layering the following solutions, starting from the 
bottom of the tube: a) 3 mL 10% sucrose (w/v; in PBS); b) 7 mL 30% sucrose; 
and c) 7 mL 60% sucrose. Carefully add vector stock from step 9 (up to 20 mL) 
on top of the gradient and centrifuge for 2 h at 4°C and 100,000g using a Beckman 
SW28 rotor. 

13. Collect the virus band at the interphase between the 30% and 60% sucrose layers 
(after aspirating the 10% and 30% sucrose layers on top, the interphase between 
the 30% and 60% sucrose layers appears as a cloudy band when viewed with a 
fiberoptic illuminator) and transfer into a Beckman Ultra-Clear 14 X 95-mm cen¬ 
trifuge tube. After mixing in 15 mL PBS, centrifuge for 1 h at 4°C and 100,000g 
using a Beckman SW40 rotor to pellet vector particles. 

14. Resuspend the pellet in a small volume (e.g., 300 pL) of 10% sucrose (w/v; in 
PBS), divide into aliquots (e.g., 30 pL), freeze the aliquots in a dry ice-ethanol 
bath, and store at -80°C. Before freezing, take a sample of the stock for titration 
(see Subheading 3.2.3.). 

3.2.3. Titration of Ampiicon Stocks 

The titers expressed as TU/mL are relative, and do not accurately reflect 
numbers of infectious vector particles per mL. Transduction efficiencies and 
titration of vectors are influenced by a variety of factors, including the cells 
used for titration, the specific promoter regulating reporter gene expression, 
the transgene itself, and the sensitivity of a particular detection method. 

1. Plate cells (e.g., VERO 76, BHK 21, or 293 cells) at a density of 1.0 x lOVwell in 
a 24-well tissue culture plate in 0.5 mL DMEM containing 10% FBS. 

2. One day later, aspirate the medium, wash each well once with PBS, and expose 
cells to the samples collected from vector stocks from steps 9, 11, or 14 above 
(e.g., 0.1, 1, or 5 pL diluted in 250 pL DMEM containing 2% FBS). Incubate 
cells at 37°C for 1-2 days. 

3. Remove the inoculum, fix cells for 20 min at RT with 250 pL 4% paraformalde¬ 
hyde (pH 7.0), and wash the fixed cells 3 times with PBS. 

4. If the enhanced (E)GFP (Clontech) gene has been utilized as the reporter gene. 


474 


Costantini et al. 


expression can be assessed in unfixed cells by counting fluorescent cells using an 
inverted fluorescence microscope. 

5. If the E. coli lacZ gene has been utilized as a reporter gene, add 250 |xL X-gal 
staining solution per well of the 24-well tissue culture plate from step 3, and 
incubate at 37°C for 4-12 h (depending on the cell type and the promoter-regu¬ 
lating expression of the transgene); stop the staining reaction by washing the 
cells 3 times with PBS, and count blue cells using an inverted light microscope. 

6. Both reporter genes can also be detected via fixing the cultures and staining with 
antibody against the gene product using standard immunocytochemical tech¬ 
niques (polyclonal GFP antibody, Clontech). 

7. Determine the vector titer as TU/mL by multiplying the number of the transgene¬ 
positive cells by the dilution factor. 

3.3. Gene Transfer in Culture 

HSV/AAV hybrid amplicon vectors have been shown to transduce neurons 
in primary cultures obtained from a variety of brain regions. Theoretically, any 
primary cell culture protocol should support successful gene transfer with these 
vectors; however, this protocol has been optimized for gene transfer to primary 
ventral mesencephalic cells from embryonic day 15 rat. 

1. Place one sterile glass cover slip into each well of a 24-well tray, and add 500 pL 
PLL to the well; place at 37“C overnight; aspirate PLL and gently rinse each well 
3 times with sterile filtered water; allow wells to dry, then add 500 pL serum- 
containing medium to each well, and place in humidified 37°C/5% CO 2 atmo¬ 
sphere for at least 1 h prior to adding primary cell suspension. 

2. Plate 500 pL of primary cell suspension (1x10® cells/mL) onto glass cover slips 
precoated with PLL in each well of 24-well trays. 

3. At 1 h in culture, aspirate unattached cells and gently add 1 mL of fresh serum- 
containing medium. 

4. One day later, aspirate medium and gently replace with defined medium. 

5. One day later, aspirate the medium, wash each well once with PBS, and expose 
cells to 1 mL of vectors (diluted stocks to desired MOl). 

6. Allow transfection for 90 min at 37“C, then aspirate vector, and rinse wells 3x 
with defined medium, leaving 1 mL medium in wells and returning to incubator. 

7. At desired time points, cultures can be imaged for GFP fluorescence, or fixed for 
1 h with 4% paraformaldehyde/4% sucrose in PBS and analyzed via standard 
immunocytochemical procedures {see steps 4-7 in Subheading 3.2.3.). 

3.4. Gene Transfer In Vivo 

1. Anesthesia: Inject (i.m.) preanesthesia of 1:1 mixture of PromAce and Atropine 
(0.1 mL of each, mixed, per 300-g rat); 10 min later inject (i.m.) 2:1 mixture of 
Ketaset and Rompun (0.2 mL Ketaset plus 0.1 mL Rompun, mixed, per 300-g 
rat) {see Note 11). 
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2. Place animals into stereotactic frame, setting incisor bar at 0.0. 

3. Clean skull with 70% ethanol, and slowly cut an opening down midline of scalp, 
starting at the level of the eyes and extending back to the level just behind the 
ears. 

4. Injections into adult rodent striatum have been made into four or seven sites (mea¬ 
sured from midline and Bregma), with seven sites showing a larger area of trans¬ 
duction within the striatum and a larger number of nigral neurons transduced (via 
retrograde transport). For four site injections (1.5 pL/site, total of 6 pL injected), 
use the following coordinates: AP: +1.5 to -0.3; L: -2.5 to -3.0; V: -4.5 to -5.0. 
For seven site injections (1 pL/site; total of 7 pL injected) use: AP: +1.6 to -0.5; 
L: -2.5 to ^.0; V: ^.5 to -5.5. (46). 

5. Measure the sites, and drill all holes into the skull (being careful not to drill into 
brain tissue) before filling needle with vector. 

6. Fill Hamilton needle from the bottom with vector just before inserting needle 
into brain. 

7. Slowly lower needle into tissue, measuring ventral site from the dura; injections 
should be made at a rate of 0.5 pL/min (see Note 13). 

8. Needle should be left in place after each injection for 1 min and then slowly 
pulled up and immediately cleaned with a sterile gauze pad, ejecting any vector 
preparation left in the needle. 

9. Skull should be cleaned with sterile saline; the animal should then be sutured and 
placed on a warming pad or under a warming light until recovery from anesthe¬ 
sia. 

10. At desired time points, animals are perfused with 4% paraformaldehyde; brains 
are postfixed for 8 h, cryoprotected in 20% sucrose overnight, and cut coronally 
at 40 pm on a sliding microtome; sections are analyzed via standard immunohis- 
tochemical procedures. 

4. Notes 

1. HSV/AAV hybrid amplicon plasmids with and without rep are available through 
Cornelf@vetvir.unizh.ch) 

2. For packaging of amplicons, cells can be transfected by using the calcium phos¬ 
phate technique, but lipofection, as described in this protocol, consistently results 
in higher transfection and packaging efficiencies. 

3. The gene for enhanced green fluorescent protein (EGFP) is an ideal reporter gene 
for HSV/AAV hybrid amplicon vector because of its ability to image packaging 
and transfection efficiency in living cells during the entire process. Alternatively, 
the E. coli lacZ gene can also be utilized. 

4. It is often convenient to grow the preculture (5 mL) during the day and the larger 
culture overnight. To avoid modifying the cosmid, avoid exceeding the given in¬ 
cubation times or colony-purifying the clones. 

5. There are two types of replication-competent, packaging-defective HSV-1 
genomes available: a) cosmid sets, such as C6Aa48Aa; and b) bacterial artificial 
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chromosomes (BAC), such as fHSVApac (39). Prepare fHSVApac DNA from cul¬ 
tures grown overnight at 37°C in LB medium containing 12.5 pg/mL chloram¬ 
phenicol. Extract DNA by alkaline lysis and purify over Qiagen-tip 500 columns 
and cesium chloride equilibrium centrifugation. 

6. Treat gel with care; 0.4% gels are very delicate. 

7. This step is not necessary for fHSVApac; digestion with Pad releases the HSV-1 
insert (35^0 kb) from the cosmid backbone (approx 7 kb) because of Pad re¬ 
striction sites flanking the HSV-1 inserts in the cosmid. This facilitates homolo¬ 
gous recombination following transfection. 

8. The subsequent transfection into mammalian cells requires that all further proce¬ 
dures be carried out under sterile conditions. 

9. Two days after transfection, at least 50% of the cells should show cytopathic 
effects. 

10. Sonicating the suspension using a probe sonicator further disrupts cell membranes 
and liberates cell-associated vector particles. Cellular debris can be toxic to cells, 
however. 

11. The HSV/AAV hybrid vector reported in Costantini et al. (36) was sequenced 
after publication, which revealed an error in the pHyRGN amplicon, since the 
transgene cassette was inadvertently inserted into the AAV rep gene at position 
724 (bp). Furthermore, there is a partial loss of the AAV ITR, in both amplicons. 
Sequencing was carried out by Drs. Andreas Jacobs, Sam Wang, Cornel Fraefel, 
and Paul Allen. 

12. Various ages of rodents (from neonates through adults) and several brain regions 
have shown positive gene transfer with hybrid amplicons; the procedure listed 
below is optimal for intrastriatal injections into adult male Sprague-Dawley rats. 

13. To decrease the likelihood of clogging the needle, fill the needle just prior to 
injection, and then eject a small drop before inserting needle into brain. 
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Simplex Virus Vectors 
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1. Introduction 

A greater understanding of the moleeular, bioehemieal, and genetie faetors 
involved in the progression of a speeifie disease state has led to the develop¬ 
ment of genetic therapies using direct gene transfer to ameliorate the disease 
condition or correct a genetic defect in situ. Effective gene therapy approaches 
require delivery strategies and vehicles that 1) efficiently deliver the therapeutic 
gene(s) to a sufficient number of dividing or nondividing cells to achieve the 
desired therapeutic effect; 2) persist long term within the cell without disturbing 
host cell functions; and 3) can regulate the level and duration of therapeutic gene 
expression for diseases that may either require high-level transient transgene 
expression or continuous low-level synthesis of the therapeutic product. Nu¬ 
merous viral and nonviral vectors have been employed to treat a variety of 
genetic and acquired diseases. Each vector system has its own particular ad¬ 
vantages and disadvantages that will suit it to a specific therapeutic application. 

Herpes simplex virus type 1 (HSV-1) possesses anumber ofpractical advan¬ 
tages for in vivo gene therapy to the nervous system and other tissues. HSV-1 can 
infect a wide variety of both dividing and postmitotic cell types and canbe 
propagated to high titers on complementing cell lines. It also has a large genome 
size (152 kb), which allows the virus to accommodate large (1) or numerous 
therapeutic gene sequences (>35 kb) (2). In addition, the natural biology of 
HSV-1 infection involves long-term persistence of the viral genome in a latent, 
nonintegrated state in neuronal cell nuclei (3-5) and other postmitotic cell types 
in the absence of viral protein synthesis, genome integration, or interference 
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Fig. 1. HSV-1 virion structure and genome organization. (A) Sehematic illustration of the HSV virion, showing the capsid, 
tegument, and glycoprotein-containing lipid envelope. (B) Schematic representation of the HSV genome, showing the unique long 
(Ul) and unique short (Ug) segments, each bounded by inverted repeat (IR) elements. The locations of the essential genes, which 
are required for viral replication in vitro, and the nonessential or accessory genes, which may be deleted without affecting replica¬ 
tion in vitro, are indicated. The IE gene and other important gene loci are in capitals. 
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with host cell biology. Since the virus does not disrupt normal host cell biology 
or express viral antigens during latency, cells harboring latent virus will not be 
attacked by the host’s immune system and should allow persistence of the viral 
genome for the lifetime of the host, obviating the need for repeat dosing of the 
virus vector. During latency the viral genome is transcriptionally silent except 
for expression of a set of viral latency-associated transcripts (LATs) (6-11). 
Since the LATs are not required for establishment or maintenance of this latent 
state (12-18), it should be possible to delete these genes and replace them with 
the desired therapeutic gene to drive expression of this gene product from an 
otherwise quiescent genome using the latency and neuronal cell-specific pro¬ 
moter complex resident within the vector genome. 

1.1. The HSV-1 Life Cycle 

The HSV-1 particle (Fig, lA) is composed of 1) an envelope containing 10 
glycoproteins that allow the virus to attach to and infect cells by fusion of the 
virus envelope with the cell surface membrane (for review, see ref, 19-21); 2) 
a tegument matrix inside the envelope composed of viral structural compo¬ 
nents involved in shutoff of host protein synthesis (22-25), activation of im¬ 
mediate early viral gene expression, and assembly functions (26-31); 3) a 
regular icosahedral-shaped nucleocapsid (32); and 4) a linear double-stranded 
DNA genome containing approximately 85 open reading frames (33-36). The 
152-kb viral genome is segmented (Fig, IB), with each of its long (Ul) and 
short (Ug) unique segments flanked by inverted repeats (IRs). The viral func¬ 
tions have been categorized as to whether they are essential for virus replica¬ 
tion in cell culture or are accessory (nonessential) functions that contribute to 
virus replication and spread in vivo. The viral genes are arranged in such a 
manner that many of the essential functions or accessory genes tend to be clus¬ 
tered within the genome. Additionally, since very few HSV-1 genes are spliced 
and the virus possesses a highly evolved recombination system, it is relatively 
easy to manipulate and engineer HSV-1 for purposes of gene transfer by delet¬ 
ing individual genes or blocks of genes that may play a role in vector toxicity. 

During normal infection, HSV-1 infects the skin following direct contact 
and undergoes a productive (lytic) infection in skin fibroblasts and epithelial 
cells (Fig, 2A). The initial binding of virus to the host cell involves the interac¬ 
tion of glycoproteins B and C (gB and gC) with cell surface heparan sulfate 
moieties (37-39). This is followed by the binding of gD to specific cell surface 
receptors HveA (40-45) and HveC (45-49), which are members of the tumor 
necrosis factor-a/nerve growth factor (TNF-a/NGF) receptor superfamily and 
the immunoglobulin superfamily, respectively. Binding of gD to HveA/HveC 
initiates the fusion event between the host cell surface membrane and the viral 
envelope (50-53), a process that also requires the functions of gB (54) and the 
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Fig. 2. HSV-1 life cycle. (A) Schematic diagram of the HSV-1 lytic replication 
cycle in vivo. HSV-1 binds to and enters mucosal or epithelial cells and proceeds 
through the lytic replication pathway. Following uncoating, the virion is transported 
to the nucleus, where the linear viral genome is injected through a nuclear pore. The 
lytic cascade of viral gene expression ensues, with subsequent replication of the viral 
genome. The resulting progeny virus particles can encounter and fuse with the cell 
surface membrane of peripheral nerve termini, which innervate the site of primary 
infection. The viral nucleocapsid then travels via retrograde axonal transport to the 
neuronal cell body, where the virus can either proceed through the highly regulated 
cascade of lytic gene expression, or enter latency, during which the viral lytic gene 
program is interrupted and the latency-associated transcripts (LATs) are the sole viral 
RNAs expressed. In response to a wide variety of stimuli, the virus is capable of reac¬ 
tivating from the latent state, entering the lytic portion of the HSV life cycle, at which 
time progeny virions can either be transported back to the site of the primary infection 
or the virus may enter the central nervous system. (B) Temporal cascade of HSV-1 
gene expression detailing the roles of HSV-1 immediate early (IE) gene transactivators 
ICP4, ICP27, ICP22, and ICPO and the IE promoter stimulatory molecule VP 16. The 
IE (or a) genes are expressed immediately upon infection in the absence of de novo 
protein synthesis. The VP 16 (aTIF, Vmw65) virus tegument protein interacts with the 
cellular factor Oct-1 to regulate expression of the IE genes positively by binding to 
their promoters. The IE gene products ICP4, ICP27, and ICPO are responsible for ac¬ 
tivating early (E or [3) genes. Following viral DNA replication, the ICP4, ICP22, and 
ICP27 IE polypeptides regulate the expression of the late (L or y) genes. 
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gH/gL complex (55-57). Following uncoating of the particle, cellular molecu¬ 
lar motors transport the viral nucleocapsid to the nuclear membrane, where the 
viral linear dsDNA genome is injected through a pore into the host cell nucleus. 

Once within the nucleus, the lytic replication cycle of the virus takes place 
(58,59), with the viral genes expressed in a highly regulated cascade (60,61) of 
coordinated gene expression consisting of three stages: immediate early (IE or 
a), early (E or [3), and late (E or y) (Fig. 2B). Three of the viral IE genes are 
transcriptional activators that induce expression of E and E genes (62-69). 
Early gene functions participate in viral DNA replication, which must proceed 
in order for late gene expression to occur (70,71). The late genes encode largely 
structural products comprising the nucleocapsid, tegument, and viral envelope 
glycoproteins. Viral particles are assembled within the nucleus and bud from 
the nuclear membrane; particle maturation proceeds during migration through 
the Golgi apparatus, followed by egress from the cell. Following focal replica¬ 
tion of the virus in these permissive cell types, the virus invades the nervous 
system by directly infecting axon terminals of local sensory neurons of the 
peripheral nervous system (PNS) (72,73). The viral nucleocapsids are trans¬ 
ported in a retrograde manner back to the neuronal cell body, where the virus 
can either replicate or enter latency. During latency the linear viral genome 
circularizes, becomes methylated, and forms a higher order nucleosomal struc¬ 
ture (3-5,74). At this point the lytic genes become inactive and the EATs are 
readily detected by in situ hybridization using EAT-specific riboprobes (8- 
11,17). The virus can remain within the latent state for the lifetime of the indi¬ 
vidual, or it can be induced to reactivate from latency by a variety of stimuli, 
resulting in the resumption of the lytic cycle and the subsequent synthesis of 
progeny virions, which may traverse the axon by anterograde transport, estab¬ 
lishing an active infection at or near the site of primary infection. 

1.2. Engineering HSV-1 Vectors 

The optimal HSV vector should be 1) safe and completely devoid of replica¬ 
tion-competent virus; 2) noncytotoxic; 3) incapable of affecting normal host 
cell biology; 4) able to persist in the neuronal cell body in a nonintegrated 
state; and 5) capable of expressing the therapeutic gene(s) to appropriate levels 
at the proper time(s). The three major considerations in the design of HSV-1 
vectors concern the elimination of the cytotoxic properties of the virus, the 
ability to target binding and entry of the virus to the specific cells or tissues of 
interest, and the development of promoter systems for proper expression of the 
therapeutic gene. Considerable effort has been expended in addressing these 
issues of vector design. In this work we will concentrate on the engineering of 
HSV-1 vectors deleted for essential gene functions that display reduced toxic¬ 
ity following infection. 
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1.2.1. Solving the Problem of HSV-1 Cytotoxicity 

Since UV-irradiated virus displays substantially reduced cytotoxicity in vitro 
(75,76) and disruption of viral IE gene expression by interferon also reduces 
toxicity, it is presumed that the cytotoxicity of HSV-based vectors results from 
the expression of HSV-1 gene products. The fundamental approach to design¬ 
ing HSV-1 vectors with reduced toxicity is to remove the essential IE genes 
(Fig. IB) of the virus, as well as several nonessential genes whose products 
interfere with host cell metabolism and are part of the virion (tegument) struc¬ 
ture. Deletion of the two essential IE genes that encode the infected cell pro¬ 
teins 4 (ICP4) and 27 (ICP27) blocks early and late gene expression (62,77,78) 
(Fig. 2B). These deletions require that the missing functions be supplied in 
trans, using a complementing cell line (62,77,79) to propagate virus. To ensure 
that recombination does not occur between the defective virus and the viral 
sequences present within the complementing cell line during propagation, it is 
essential that these sequences not share homology with sequences present 
within the viral genome and that the deletion of the IE genes from the virus 
exceed the limits of the complementing sequences. Since many of these viral 
IE genes are toxic to cells, expression of the complementing genes must be 
inducible upon infection with the defective virus. This is achieved through the 
use of HSV-1 IE promoters to drive expression of these toxic transactivating 
genes from the cell, since these promoters have been shown to respond to the 
HSV-1 transactivator VP16 (Vmw65 or a-TIF) (27-31), a virion tegument 
component that accompanies the viral DNA molecule into the nucleus of the 
infected cell. VP 16 recognizes a consensus sequence (octomer-TAATGARAT) 
located at various sites in all HSV-1 IE promoters; together with the cellular 
transcription factors octomer binding protein one (Oct-1) and HCF (also termed 
Cl, VCAF-1, and CEE) (80-84), VP16 transactivates the IE gene promoters 
(85-89). In the absence of virus infection, the complementing IE genes in the 
cell chromosome are silent. However, upon infection with the replication-defec¬ 
tive mutant, the VP 16/Oct-1/HCF complex transactivates the IE promoters 
upstream of the complementing viral sequences in the cell line, thereby induc¬ 
ing expression of the necessary products for propagation of the deletion virus. 

A third IE gene of interest is ICPO, which is both cytotoxic and capable of 
promiscuous transactivation of a variety of cellular genes (64,90-92); it also 
enhances the level of expression of other viral genes (90). ICPO appears to 
collaborate cooperatively with ICP4, for example, to increase the activity of 
this key viral function (93,94), although ICPO is not a promoter binding protein 
and thus appears to stimulate an event prior to direct promoter activation (95). 
Although ICPO is a nonessential viral function, deletion of ICPO results in 
decreased viral titers (67,96), and propagation of high-titer stocks of virus 
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deleted for ICPO in conjunction with the essential IE genes will require the 
production of a cell line capable of complementing ICPO as well as ICP4 and 
ICP27. Generation of such a line has been extremely difficult, since even low- 
level synthesis of ICPO is toxic to the host cell (97). The two remaining IE 
genes, ICP22 (which affects the phosphorylation of RNA polymerase II) (98) 
and ICP47 (which affects the processing of MHC class I antigens) (99-101), 
may also need to be deleted depending on the specific therapeutic application. 

In addition to the viral IE gene functions, an additional gene remains a target 
of interest for removal to reduce toxicity. The infecting virus carries in with the 
particle a tegument component that has a virion-associated host shutoff (vhs) 
activity (22,23). vhs appears to interfere nondiscriminately with mRNA stabil¬ 
ity (24). Removal of the UE41 (vhs) gene does not affect viral replication (25) 
but enhances the health of the cell upon infection with nonreplicating viral 
mutants (102). 

Deletion of a combination of the four IE regulatory genes (ICP4, ICP22, 
ICP27, and ICPO) along with UE41 (vhs) has yielded vectors that display 
diminished toxicity for a variety of cell types in culture (103-106). Recombi¬ 
nants deleted for both ICP4 and ICP27 (103-106) were less toxic than the ICP4/ 
ICP27 single IE gene deleted viruses dl20 (77) or 5dll.2 (107). The removal 
of three of the IE gene (ICP4, ICP22, and ICP27) dramatically reduced cyto¬ 
toxicity (103,106) and led to increased duration of vector-mediated transgene 
expression in neurons in culture (103). Recombinants that failed to express any 
of the five IE genes including ICPO essentially shut down viral gene expres¬ 
sion upon infection of noncomplementing cells, rendering the virus safe and 
noncytotoxic (105). However, transgene expression from these recombinants 
was transient or undetectable in many cell types (105), owing to deletion of the 
ICPO gene (97,105). Thus, it may prove necessary to retain ICPO to achieve 
expression of the therapeutic gene product. For some specific therapeutic appli¬ 
cations, the retention of expression of ICP47, which has recently been shown 
to downregulate MHC class I antigen expression (99-101), should provide an 
additional level of protection from immune surveillance at the initiation of 
infection in vivo. 

1.2.2. Construction of Mutant Viruses Deleted for IE 
and Other Toxic Functions 

The first generation of replication-defective mutant viruses consisted of 
mutants deleted for the essential ICP4 gene. One of these recombinants, desig¬ 
nated dl20, can be grown on a complementing cell line (E5) that expresses 
ICP4 in trans upon infection with the ICP4 deletion mutant virus (77). We 
have subsequently introduced the (3-galactosidase (lacZ) reporter gene, under 
control of the strong human cytomegalovirus (HCMV) immediate early gene 
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promoter into the thymidine kinase gene locus of the genome of this replica¬ 
tion-defective mutant, in order to identify rapidly cells and tissues infected 
with this vector to evaluate the potential uses of such vectors. We have shown 
that the transgene was transiently expressed in a variety of cell types in culture 
and in various tissues in vivo (108,109). Long-term expression of the transgene 
both in culture and in some cells in vivo may be affected by the virus-induced 
toxicity, leading to death of the cells in culture and/or immune recognition and 
clearance in vivo. Therefore, it was clear that additional IE genes must be 
removed to reduce viral toxicity further. 

To generate second-generation replication-defective viruses deleted for 
multiple IE essential gene functions, it was necessary to construct a cell line to 
complement the essential IE gene functions. A cell line was constructed to 
complement both ICP4 and ICP27 by transfecting Vero cells with a plasmid 
containing the HSV-1 sequences coding for ICP4 and ICP27 along with a neo¬ 
mycin expression (SV2-neo) cassette for rapid selection of individual clones. 
To eliminate the chance of homologous recombination and rescue of the mutant 
viruses during propagation in the complementing line, the plasmid containing 
the coding regions for ICP4 and ICP27 was engineered to avoid overlap of 
these sequences with the deletions present within the virus. One clone, desig¬ 
nated 7b, was isolated after multiple rounds of drug selection; this clone was 
able to complement the growth of the IE deletion mutants dl20 (ICP4') (77) 
and 5dll.2 (ICF2T) (107). 

A second-generation double-mutant virus deleted for both ICP4 and ICP22 
was engineered using the 7b cell line (Fig. 3). This recombinant, DHZ.l, was 
engineered by recombining the linearized plasmid pB5, containing the HCMV 
IE promoter-/acZ BGHpA cassette surrounded by ICP22 flanking sequences, 
into the ICP22 gene locus of the ICP4 replication-defective mutant d 120. Posi¬ 
tive recombinants were propagated and isolated on the 7b complementing cell 
line owing to the production of blue plaques following X-gal staining. The 
DHZ. 1 recombinant fails to replicate or produce the blue plaque phenotype on 
normal noncomplementing (Vero) cells. To engineer a third-generation triple 
IE gene-deleted vector, we simply crossed DHZ.l (ICP47ICP22") with the 
ICP27 mutant 5dll.2 (107). Recombinants deleted for the three IE genes (Fig. 
3) were selected for the production of blue plaques on the 7b double IE comple¬ 
menting cell line compared with viruses that would only plaque on either the 
ICP4-expressing line (E5) or the ICP27-expressing line (N23). The triple IE 
gene-deleted vector THZ. 1 was employed in a genetic cross with the UE41 
gene mutant ASma (110) to engineer a vector deleted for ICP4, ICP27, and 
ICP22 and the vhs gene product (Fig. 3). The structure of each recombinant 
vector was confirmed by Southern blot analysis. 
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Fig. 3. Construction of multiply deleted HSV vectors. The construction of mul¬ 
tiple gene deletion mutants can be accomplished by either standard homologous recom¬ 
bination or by genetic cross. The ICP4VICP22' double IE gene deletion mutant 
(DHZ.l) was constructed by cotransfection of dl20 (77) viral DNA with the plasmid 
pB5 (in which ICP22 sequences were replaced with an HCMV IEp-/acZ BGHpA cas¬ 
sette) in the 7b (ICP4/ICP27) complementing cell line. The desired ICP4VICP22' 
recombinants were identified by the production of a blue plaque phenotype on 7b cells 
following X-gal staining, and their genome structure was confirmed by Southern blot 
analysis. The triple IE gene deletion mutant THZ.l was produced by crossing DHZ.l 
with the single ICP27 deletion mutant 5dll.2 (107). Progeny viruses that were lacZ 
positive and replicated on 7b (ICP4/ICP27) cells but not E5 (ICP4) or N23 (ICP27) 
cells were selected and confirmed by Southern blot analysis. The mutant THZ.3 was 
engineered by crossing THZ.l with the UL41 mutant ASma (25). 
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The DHZ.l double mutant and other double mutants deleted for different 
combinations of IE genes were examined for reduced toxicity in cell culture 
compared with both the first-generation single IE gene-deleted (ICP4") paren¬ 
tal virus and the third-generation vectors deleted for three IE genes (THZ. 1 and 
THZ.3). In this particular study, Vero cells were infected with the various 
viruses at a multiplicity of infection (MOI) of 1.0, and the number of viable 
cells was determined at 24 h post infection using trypan blue exclusion. In 
addition, we determined the number of apoptotic cells in culture using the 
FragEE (Roche, Indianapolis, IN) DNA fragmentation kit. This specific MOI 
was chosen since dl20 uniformly kills cells at an MOI of I or greater. As 
shown in Table 1, the double DHZ.l mutant is less cytotoxic than the SHZ. 1 
single IE gene mutant for Vero cells at an MOI of 1.0, although some toxicity 
still remains. Double IE gene deletion mutants lacking ICP22 and either ICP4 
(DHZ.l) or ICP27 (DHZ.3) were less toxic than the ICP4/ICP27 (DHZ.4) 
double gene mutant. In addition, removal of three IE toxic genes (THZ.l) as 
well as other toxic gene targets such as vhs (THZ.3) further reduced HSV vec¬ 
tor toxicity to the point that it eventually approached that observed with mock- 
infected cells (Table 1). We have obtained similar results with these 
recombinant vectors both in various cell types in culture and in vivo (103). 

The cassette that was recombined into the ICP22 locus is unique in that it 
contains the lacZ gene construct flanked by two 8-bp recognition sites for 
restriction endonuclease Pad that are not present at any other site in the viral 
genome. Thus, the expression cassette can be easily removed by digestion with 
the Pad restriction enzyme followed by religation of the genome, yielding a 
recombinant with a single Pad site that produces clear plaques on the 7b 
complementing cell line (111). To introduce a new gene cassette efficiently 
into the ICP22 locus of this recombinant, the recombinant genome is cleaved 
with Pad and used in marker transfer transfection assays with plasmid-con¬ 
taining sequences that span the Pad site in ICP22 (111). The desired recombi¬ 
nant will lack the HCMV-/acZ expression cassette and thus can be easily 
isolated as a clear plaque on a background of blue plaques produced by the 
parental virus. The recombination frequency obtained using this approach is 
10-fold greater than that seen in standard marker rescue experiments (111) 
since the background generated by the parental viruses is greatly reduced owing 
to digestion of the parental viral DNA with Pad. We have employed this 
method to generate a number of recombinants including a vector THD (Fig. 4) 
that expresses the full-length dystrophin gene product for gene therapy appli¬ 
cations to treat Duchenne muscular dystrophy (1). 
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Table 1 

Cytotoxicity of Recombinant HSV Vectors^ 


Vector 

% Survival 

% Apoptotic 

Mock 

100 

0.3 

SHZ.1(ICP4-) 

52 

15.6 

DHZ.1(ICP47ICP22-) 

80 

3.6 

DHZ.3(ICP22-/ICP27-) 

85 

2.5 

DHZ.4(ICP4-/ICP27-) 

75 

6.2 

THZ.l (ICP4-/ICP22-/ICP27-) 

>100 

0.6 

THZ.3(ICP4-/ICP22-/ICP27-/UL41-) 

>100 

0.1 


“Vero cells were either mock-infected or infected with the single IE gene mutant SHZ. 1 (ICP4' 
), the double IE gene deletion mutants (DHZ. 1, DHZ.3, and DHZ.4), or the triple IE gene (ICP4' 
/ICP22'/ICP27') deletion mutants (THZ.l and THZ.3) at an MOI = 1.0. The numbers of viable 
cells were counted at 1 day post infection by trypan blue exclusion. The number of cells in the 
culture undergoing apoptosis was determined using the FragEL detection kit (Roche). Subse¬ 
quent deletion of the additional cytotoxic IE gene led to increased cell survival and a decrease in 
Vero cell apoptosis compared with the single IE gene deletion virus (SHZ. 1). Deletion of ICP22 
from the ICP4 backbone had the greatest effect on vector-induced toxicity. Deletion of UL41 
from the triple IE gene-deleted virus backbone (THZ.3) only marginally affected toxicity. 


2. Materials 

1. Vero (African green monkey kidney, ATCC, cat. no. CCL81) cells. Other per¬ 
missive cells such as HELs or BHKs, or complementing cell lines are required to 
propagate HSV-1 accessory or essential gene deletion viruses. 

2. MEM/10% ECS: Eagle’s modified essential medium (MEM) supplemented with 
nonessential amino acids, 100 U/mL penicillin G, 100 |4g/mL streptomycin sul¬ 
fate, 2 mM glutamine, and 10% fetal calf serum (ECS). 

3. TBS, pH 7.5: 50 mMTris-HCl, pH7.5, 150 m/HNaCl, 1 mMEDTA. 

4. Lysis buffer: 10 mMTris-HCl, pH 8.0, 10 mMEDTA. 

5. TE: 10 m/HTris-HCl, pH 8.0, 1 mMEDTA. 

6. TE equilibrated phenol/chloroform/isoamyl alcohol (25:24:1 v/v). 

7. 2x HBS: 20 mMHEPES, 135 mMNaCl, 5 mMKCl, 5.5 mM dextrose, 0.7 mM 
Na 2 HP 04 , pH 7.05. Accurate pH of this solution is critical. 

8. X-gal staining solution that contains the chromogenic substrate X-gal at a final 
concentration of 300 |4g/mL in TBS containing 14 mM K 4 pe(CN) 5 , 14 mM 
K 3 pe(CN)g. X-gal is highly insoluble and must be dissolved in dimethyl 
formamide (DME) prior to addition to the staining solution. 

9. 1.0% methylcellulose overlay: Add 25 g methylcellulose to 100 mL phosphate- 
buffered saline (PBS), pH 7.5, in a 500-mL sterile bottle containing a stir bar. 
Autoclave the bottle on the liquids cycle for 45 min. After the solution cools, add 
350 mL of MEM supplemented with nonessential amino acids, 100 U/mL peni¬ 
cillin G, 100 |4g/mL streptomycin sulfate, and 2 mM glutamine. Mix well and 
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Fig. 4. Use of the Pad method to generate a replication-defective HSV vector 
expressing the full-length dystrophin cDNA (DMD). The 14-kb dystrophin cDNA was 
cloned downstream from the HCMV IE promoter in the ICP22 shuttle plasmid that 
contains adequate HSV flanking DNA sequence, to allow efficient homologous re¬ 
combination at the ICP22 gene locus of the vector. The expression cassette can then be 
introduced into the ICP22 locus of the THZ. 1 vector by Pad digestion of THZ. 1 viral 
DNA and the subsequent cotransfection of the Pacl-digested THZ. 1 DNA along with 
the shuttle plasmid containing the DMD expression cassette. (A) THZ.l contains a 
lacZ expression cassette at the ICP22 locus of a vector deleted for ICP4, ICP27, and 
ICP22 and produces blue plaques following X-gal staining. (B) The new recombinant, 
THD, can be isolated following homologous recombination of the shuttle plasmid into 
the Pad-digested THZ.l genome by the identification of clear plaques. Following 
three rounds of limiting dilution analysis, the structure of THD can then be confirmed 
by Southern blot analysis (1). 


place the bottle on a stir plate at 4°C overnight. Once the methylcellulose has 
entered solution, add 50 mL of PCS. 

10. lx PBS, pH 7.5: 135 mM NaCl, 2.5 mM KCl, 1.5 mM KH 2 PO 4 , 8.0 mM 
Na2HP04, pH 7.5. 

3. Methods 

3.1. Isolation of Viral DNA for Transfection 

To engineer a new virus reeombinant, plasmid is required containing the 
particular sequence of interest flanked by sufficient amounts of viral sequences 
























Replication-Defective HSV Vectors 


493 


homologous to the desired gene locus within the HSV-1 genome along with 
purified, infectious viral DNA. The quality and purity of these two reagents 
will determine the frequency of generating the desired recombinant virus. It is 
imperative that the sequence of interest in the transfer plasmid contain at least 
500-1000 bp of flanking HSV-1 sequences to achieve a higher frequency of 
producing and isolating the recombinant. The quality of the viral DNA used in 
the transfections to synthesize new recombinants can be evaluated by two cri¬ 
teria: 1) whether the DNA is intact and at the proper concentration, as deter¬ 
mined by Southern blot analysis (112); or, more importantly, 2) whether the 
viral DNA is infectious and capable of producing an optimal number of plaques 
following transfection of 1 pg of viral DNA. We have optimized the protocol 
for the production of highly infectious viral DNA and routinely obtain preps in 
which 1 |ig of purified viral DNA will yield 100-1000 plaques {see Note 1). 

1. Infect a subconfluent to confluent monolayer of cells in a T150 tissue culture 
flask at an MOI of 3. The cell should have been split at both 1 and 3 days prior to 
infection. 

2. Allow the infection to proceed for approximately 18-24 h depending on both the 
cell type and virus used. All cells should be rounded-up and still adherent to the 
flask, yet just about ready to detach. 

3. Remove the cells by tapping the flask or use a cell scraper to dislodge the cells. 

4. Pellet the cells for 5-10 m at 2060g at 4°C in a 15-mL conical polypropylene 
tube. 

5. Wash the cells lx with 10 mL of TBS (pH 7.5). 

6. Lyse the cells in 5 mL of lysis buffer (10 rtiMTris-HCl, pH 8.0, 10 rtiMEDTA) 
+ 0.25 mg/mL Proteinase K + 0.6% sodium dodecyl sulfate (SDS). 

7. Wrap the lid of the tube in parafllm and incubate the tube on a nutator platform at 
37°C overnight. 

8. Extract the suspension 2x with phenol/chloroform/isoamyl alcohol (25:24:1), 
being careful not to be too vigorous. However, it is important to invert the tube 
enough to achieve proper mixing of the phases. When removing the aqueous 
phase, remember to leave the interface behind, as the DNA stays at this point, 
thus increasing the overall yield. 

9. Extract the aqueous phase 2x with chloroform, again being careful during mixing. 

10. Remove the aqueous phase to a new tube, going as close to the interface as pos¬ 
sible. The DNA present at the interface is extremely viscous and will enter the 
pipet as a visible slurry. 

11. Add 2 vol of cold isopropanol to precipitate. Mix well. 

12. The DNA can be spooled on a heat-sealed Pasteur pipet, or the mixture can be 
stored at -20°C overnight. If spooling the DNA, remove the spooled DNA and 
transfer the pipet to a new tube, breaking off the Pasteur pipet. Let dry overnight 
and then resuspend in 0.5-1.0 mL TE buffer or dH20 using wide-bore pipet tips 
{see Note 2). 
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At this point, it is important to determine the quality of the DNA prep (see 
Note 3). The DNA concentration was determined spectrophotometrically at 
260 nm. Southern blot analysis of digests 1 |ag quantities of the DNA prep with 
several diagnostic restriction enzymes should determine whether the DNA is 
intact. Transfection of 1 |ig quantities of the DNA prep into permissive tissue 
culture cells will allow the determination of the number of infectious particles 
per 1 pg of DNA. 

3.2. Construction of Recombinant Virus: Transfection 
of Piasmid/Virai DNA 

Once the proper transfer plasmid has been constructed, by deleting the HSV- 
1 gene of interest yet maintaining sufficient HSV-1 flanking sequences to allow 
efficient recombination into the viral genome, it is then possible to marker- 
transfer these sequences into the virus, taking advantage of the highly active 
recombinational machinery of the virus (see Note 4). This is accomplished by 
transfecting both linearized plasmid and Pacl-digested purified viral DNA into 
permissive cells using the calcium phosphate method (113,114). To readily 
detect the desired recombinants containing the desired therapeutic gene of 
interest, the target parental virus backbone should possess a reporter gene cas¬ 
sette (i.e., lacZ or green fluorescent protein [GFP]) at the desired site of recom¬ 
bination. Positive recombinants obtained from the transfection will produce 
clear plaques compared with the blue plaque phenotype of the parental virus. 
Alternatively, the introduction of a reporter gene cassette along with the thera¬ 
peutic gene within the transfer plasmid will allow for more rapid identification 
and purification of the desired recombinant virus from the ensuing transfection 
reaction when the parental virus lacks a reporter gene. 

1. Split Vero cells (for deletion of nonessential HSV-1 genes) or the specific 
complementing cell line (for deletion of essential HSV-1 gene[s]) 1:10 3 days 
prior to transfection. 

2. At 1 day prior to transfecting, split the cells again and plate in 60-mm tissue 
culture dishes at a cell density of 1 x 10® cells/plate in MEM/10% PCS. 

3. Linearize the plasmid construct at a restriction enzyme site between the flanking 
HSV-1 sequence and any E. coli DNA present within the bacterial vector (see 
Note 3). 

4. Digest the purified viral DNA with Pad to completion. 

5. Make up the transfection mixture by adding 1-5 pg from the viral DNA prep (the 
amount of DNA that yields 200 or more plaques by transfection) to an amount of 
linearized plasmid DNA (or restriction fragment) equal to lOx and 50x genome 
equivalents of viral DNA. Viral DNA or plasmid DNA alone are used as controls 
for the transfection (see Note 5). 
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6. Add 600 |iL of 2x HBS to each tube, mix, and place on ice for 20 min {see Note 6). 

7. Add 41 pL of 2 MCaCl 2 dropwise, mixing gently. Set at room temperature for 20 
min (see Note 7). 

8. Aspirate the media from the plates and rinse lx with 1 mL of 2x HBS. 

9. Pipet transfection mixture up and down to break up large clumps of precipitate, 
add carefully to cell monolayers, and place plates at 37°C for 40 min in a CO 2 
incubator. 

10. Add 4 mL MEM/10% PCS per plate and place at 37°C for 4 h in a CO 2 incubator. 

11. Aspirate media from plates and wash lx with 1 mL of HBS, being careful not to 
cause the cell monolayer to lift off the plate. 

12. Slowly and carefully add 2 mL of 20% glycerol (dilute 100% glycerol in 2x 
HBS) per plate and leave on cells at room temperature for exactly 4 min {see 
Note 8). 

13. Carefully remove all of the glycerol shock solution by aspiration and wash the 
monolayer 3x with 2 mL of MEM/10% PCS. Be sure the monolayer remains 
intact. 

14. Carefully add 4 mL of MEM/10% PCS and incubate the plates at 37°C in a CO 2 
incubator. 

15. Observe the plates twice daily under the microscope for the production of com¬ 
plete cytopathic effect (CPE), indicating the presence of infectious foci. This 
usually takes 3-5 days depending on the virus and cell type used to propagate the 
recombinant. 

16. Once a majority of the cells have rounded up, remove the media and store it 
temporarily at 4°C. Isolate the virus from the cell pellet by three cycles of freeze¬ 
thawing and sonication followed by centrifugation at 913g for 5 min at 4°C. Then 
combine this supemate with the removed media and store at -80°C for use as a 
stock. 

This stock of virus can now be analyzed for the presence of recombinants 
and purified as described in the next section. 

3.3. Isolation and Purification of Recombinant Virus 

The stock of virus obtained from the transfection can now be used to isolate 
the desired recombinant. It is necessary to isolate and purify the recombinant 
through three rounds of limiting dilution. This process can be greatly enhanced 
by the inclusion of a reporter gene cassette within the sequences to be recom¬ 
bined back into the viral genome or by the disruption of a reporter gene cas¬ 
sette following homologous recombination of the therapeutic gene cassette into 
the parental virus genome that already possesses the reporter cassette. We have 
optimized the limiting dilution procedure for the detection of recombinants 
expressing the [3-galactosidase {lacZ) reporter gene. 
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3.3.1. Limiting Diiution Procedure for the Detection of Recombinants 
Expressing LacZ 

The advantage of employing limiting dilution is that it does not require the 
standard plaque isolation technique in which single, well-isolated plaques are 
picked following agarose or methylcellulose overlay. Contamination of posi¬ 
tive recombinants with parental virus represents a considerable problem using 
the standard plaque isolation procedure since it is difficult to find well-isolated 
plaques on a plate, or virus from an adjacent plaque gets sucked up along with 
that from the designated plaque in the act of picking a plaque through the aga¬ 
rose or methylcellulose overlay. 

1. Titer the stock of recombinant virus from the transfection. 

2. Add 30 plaque-forming units (pfu) of virus to 3 mL of 1 x 10® cells in suspension 
(MEM/10% PCS) within a 15-mL conical polypropylene tube. 

3. Wrap the lid of the tube with parafilm, and place the tube on a nutator rocker 
platform at 37°C for 1 h. 

4. Following the 1-h period for virus adsorption, add 7 mL of fresh media, and plate 
100 pL of the mixture in each well of a 96-well flat bottomed plate. 

5. Incubate the plates at 37°C in a CO 2 incubator for 2-5 days until the appearance 
of plaques. 

6. The plates are scored for wells containing only single plaques. Theoretically, by 
adding 30 pfu, it should be possible to obtain 30 of 96 wells that contain single 
plaques. 

7. Transfer the media from each well into a new 96-well plate. Store the plate at 
-80°C for future use as a virus stock. 

8. Stain each well of the plate by adding 100 pL of the X-gal staining solution using 
a multichannel pipetor {see Note 9). 

9. Incubate the plates at 37°C in a CO 2 incubator overnight or for several hours until 
the appearance of readily detectable blue plaques. 

Wells containing single blue or clear plaques are scored and the overall fre¬ 
quency of original recombination event is determined. Media from the frozen 
stock 96-well plate stored at -80°C can now be used in the next round of the 
limiting dilution procedure. With each subsequent round of limiting dilution, 
the ratio of desired recombinants within the population should approach 100%. 
We will routinely proceed through one additional round of limiting dilution 
after the ratio reaches 100% to ensure purity of the stock. At this point, the 
virus stock can be used to produce a midi-stock for the eventual preparation 
of a high-titer stock for general experimental use. At the same time, this stock 
is used to produce viral DNA to confirm the presence of the insert as well as 
the absence of the deleted sequences by Southern blot analysis (112) (see 
Note 10). 
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3.4. Preparation of High-Titer Stocks of Recombinant Virus 

Prepare a midi-stock of recombinant virus from a monolayer of cells in a 
T25 tissue culture flask and obtain the titer of the stock for preparation of the 
final stock. 

3.4.1. Titration of Virus Stock 

This procedure can be used to obtain the titer of any size virus stock. 

1. Seed 6-well tissue culture plates with 0.5-1.0 x 10® cells per well at 1 day prior to 
titration of the stock. 

2. Prepare a series of 10-fold dilutions (10'^ to lO"'®) of the virus stock in 1 mL of 
cold MEM without serum. 

3. Add 100 pL of each dilution to a near confluent monolayer of cells in a single 
well of a 6-well tissue culture plate (in duplicate). 

4. Allow the virus to adsorb for a period of 1 h at 37°C in a CO 2 incubator. Rock the 
plates every 15 min to distribute the inoculum. 

5. Aspirate off the virus inoculum, add 3 mL of 1.0% methycellulose overlay, and 
reincubate the plates for 3-5 days, until well-defined plaques appear. 

6. Aspirate off the methycellulose, and stain with 1 mL of 1% crystal violet solution 
(in 50:50 methanol/dH20, v/v) for 5 min. The stain fixes the cells and virus. 
Alternatively, the wells can be stained using the X-gal solution if the virus con¬ 
tains a lacZ reporter cassette. 

7. Aspirate off the stain, rinse gently with tap water to remove excess stain, and air- 
dry. 

8. Count the number of plaques per well, determine the average for each dilution, 
and multiply by a factor of 10 to get the number of pfu/mL for each dilution. 
Multiply this number by 10 to the power of the dilution to achieve the titer in pfu/ 
mL. 

3.4.2. Virus Stock Preparation 

The following procedure calls for preparing a virus stock from two roller 
bottles worth of cells; however, it can be scaled up or down depending on 
specific needs (see Note 11). 

1. We routinely infect 5-10 roller bottles of cells with virus to produce a high-titer 
stock. Each roller bottle is infected with virus at an MOI of 0.01-0.05, depending 
on the particular vector backbone, in a volume of 20 mL of serum-free media 
(DMEM; Gibco-BRL, Life Technologies) for 2 h. 

2. After the 2-h adsorption period, add 80 mL of media (DMEM/10% PCS; Gibco- 
BRL) to each roller bottle. Then observe the bottles by light microscopy to deter¬ 
mine the optimal time for harvesting virus. This time has been shown to vary 
dramatically depending on the particular vector backbone. Generally, viral CPE 
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should be obvious, with the majority of the cells rounded up yet not detached 
from the roller bottle surface. 

3. Harvest the cells by scraping the cell monolayer into the media. 

4. Collect medium and subject it to low-speed centrifugation at 2060g for 5 min at 
4°C. 

5. Store the supernatant on ice. Resuspend the cell pellet in a minimal volume (2-5 
mL) of serum-free media and subject it to three rounds of sonication to disrupt it 
and release cell-associated virus. 

6. Following low-speed centrifugation {2060g for 5 min at 4°C) to remove the cel¬ 
lular debris, combine this supernatant with the supernatant from the first low- 
speed spin. 

7. Clarify this preparation further using an additional low-speed spin at 10-17,OOOg^ 
for 5 min. 

8. Then pellet the virus by centrifugation at 48,400g in 50-mL Oak Ridge tubes for 
30 min at 4°C. 

9. Resuspend the virus pellet isolated following a high-speed spin in 500 pL of 
serum-free media per roller bottle of virus-infected cells and mix with OptiPrep 
solution (22% OptiPrep, 0.8% NaCl, 10 mMHEPES, 1 rtiMEDTA). Centrifuge 
the sealed tubes at 645,000gfor 3.5 h inaBeckman Vti65.2 or Vti90 rotor at 4°C. 

10. Following the centrifugation period, harvest the virus from the gradient. We rou¬ 
tinely detect three bands of varying intensity depending on the particular vector 
backbone on the gradient. Harvest the lower two bands: approximately 60% of 
the virus is present in the second band from the bottom of the gradient. Alterna¬ 
tively, fractionate the tubes and determine the titer of each fraction. Then aliquote 
the vector stocks and store at -80°C until use. 

The titer of the stock can be determined by the virus titration procedure 
detailed above. If concentration is not required, the OptiPrep solution acts as a 
cryopreservative. However, the virus can be furthered concentrated by cen¬ 
trifugation in a microfuge at 15,115g and 4°C. Following centrifugation, the 
viral pellet is resuspended in a minimal volume of PBS containing glycerol or 
dimethyl sulfoxide (DMSO). It is necessary to add glycerol to a final concen¬ 
tration of 10% to the virus stock to cryopreserve the virus properly. 

4. Notes 

1. The DNA that is produced using the viral DNA isolation technique is not com¬ 
posed exclusively of viral DNA but also contains cellular DNA. The cellular DNA 
in this mixture acts as carrier when precipitating the DNA during the isolation, 
thus increasing the yield of DNA. In addition, the cellular DNA acts as carrier 
DNA during transfections and increases the overall efficiency of forming a pre¬ 
cipitate, thereby increasing the chance of obtaining the desired recombinant. If 
necessary, pure viral DNA can be prepared from virus harvested solely from the 
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media of infected cells or from virus particles that have been gradient purified. 
The yield of DNA obtained in this instance is significantly reduced. 

2. The use of wide-bore pipetman tips (Bio-Rad, Hercules, CA) will help prevent 
shearing of the viral DNA, thereby increasing the infectivity of the viral DNA 
prep. 

3. The quality of the viral DNA preparation is crucial to the recombination frequency. 
Quality can be evaluated by Southern blot or by determining the number of infec¬ 
tious centers following transfection. We have found that some preparations will 
appear to be intact by Southern blot analysis, yet still contain a significant number 
of viral genomes that are nicked and thus are not infectious. It is important that the 
preparation yield 100-1000 plaques/pg of viral DNA. 

4. The quality of the plasmid DNA also plays a role in the recombination frequency. 
Two to five hundred base pairs of HSV-1 flanking sequence is sufficient; how¬ 
ever, >1 kb will dramatically increase the chance of isolating the desired recombi¬ 
nant. The size of the sequence to be inserted into the HSV-1 vector genome can 
affect the generation of the desired recombinant. It is possible for the virus to 
package up to an additional 10% of the genome, 15 kb for wild-type virus and 
potentially more for single and multiple gene-deleted viruses. If the insert is too 
large or contains sequences that affect the stability of the viral genome, part or all 
of the insert will be lost over time and it will not be possible to obtain a purified 
isolate of the desired recombinant. The specific gene locus targeted for insertion/ 
deletion can affect the recombination event. Recombination into the repeat 
sequences can yield a mixture of viruses containing insertion into one or both 
copies of the gene. The recombinational machinery of the virus can convert an 
isolate with a single copy into a recombinant with inserts in both copies. The same 
mechanism can also produce virus lacking the insert in both copies (i.e., wild-type 
virus). Southern blot analysis can confirm whether the insert is present in 0, 1, or 
2 copies. 

5. It is important to linearize the plasmid construct before transfection to increase 
the recombination frequency compared with that obtained with uncut supercoiled 
plasmid. Digestion of the plasmid to release the insert, followed by purification of 
the restriction fragment, does not increase the recombination frequency. Although 
the frequency is the same, use of purified fragment is superior since no chance 
exists for the insertion of plasmid vector sequences into the virus by 
semihomologous recombination. 

6. The pH of the HBS transfection buffer (HEPES) is extremely crucial to the trans¬ 
fection efficiency. Depending on the cell type being transfected, other buffers 
such as BBS (BES) or PiBS (PIPES) may result in higher efficiencies. 

7. Other transfection procedures can also be employed that will produce equivalent 
or greater recombination frequencies. Lipofectamine (Gibco-BRL) can be 
employed instead of the calcium phosphate method; however, other liposome 
preparations have not proved effective for the transduction of the large 152-kb 
HSV genome. 
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8. Glycerol or DMSO can be used to shock cells during transfection. The percentage 
of glycerol or DMSO used depends on the cell type being transfected. We have 
found that glycerol is less toxic than DMSO for Vero cells and that 20% glycerol 
produced the highest number of transformants with the lowest level of toxicity. 

9. Bluo-gal can be substituted for X-gal in the X-gal staining solution. Although 
Bluo-gal is more costly than X-gal, it is superior since it produces a darker blue 
reaction product with reduced background staining of the cell monolayer and it 
has a greater solubility in DMF. 

10. The viral DNA mini-prep procedure routinely yields enough DNA for three to 
five restriction enzyme digestions for Southern blot analysis. 

11. Virus stocks should be maintained at a low passage. Use one vial of a newly 
prepared stock as a stock for preparing all future stocks. To reduce the chance of 
rescuing wild-type virus during the propagation of viruses carrying deletions of 
essential gene(s), stocks should be routinely prepared from single plaque isolates. 
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